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PREFACE TO THE FIRST EDITION. 


We have endeavoured in the present work to combine some of 
the modern developments of Higher Algebra with the subjects 
usually included in works on the Theory of Equations. The 
first ten Chapters contain all the propositions ordinarily found 
in elementary treatises on the subject. In these Chapters we 
have not hesitated to employ the more modern notation wher-— 
ever it appeared that greater simplicity or comprehensiveness 
could be thereby obtained. 
_ Regarding the algebraical and the numerical solution of 
equations as essentially distinct problems, we have purposely 
omitted in Chap. VI. numerical examples in illustration of the 
modes of solution there given of the cubic and biquadratic 
equations. Such examples do not render clearer the conception 
of an algebraical solution ; and, for practical purposes, the 
algebraical formula may be regarded as almost useless in the 
case of equations of a degree higher than the second. 

In the treatment of Elimination and Linear Transformation, 
as well as in the more advanced treatment of Symmetric Func- 


tions, a knowledge of Determinants is indispensable. We have 
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found it necessary, therefore, to give a Chapter on this subject. 
It has been our aim to make this Chapter as simple and intelli- 
gible as possible to the beginner ; and at the same time to omit 
no proposition which might be found useful in the application 
of this calculus. For many of the examples in this Chapter, as 
well as in other parts of the work, we are indebted to the kind- 
ness of Mr. Cathcart, Fellow of Trinity College. 

We have approached the consideration of Covariants and 
Invariants through the medium of the functions of the diffe- 
rences of the roots of equations—this appearing to us the sim- 
plest mode of presenting the subject to beginners. We have 
attempted at the same time to show how this mode of treatment 
may be brought into harmony with the more general problem of 
the linear transformation of algebraic forms. In the Chapters 
on this subject we have confined our attention to the quadratic, 
cubic, and quartic; regarding any complete discussion of the 
covariants and invariants of higher binary forms as too diffi- 
cult for a work like the present. 

Of the works which have afforded us assistance in the more 
elementary part of the subject, we wish to mention particularly 
the Traité d’ Algébre of M. Bertrand, and the writings of the 
late Professor Young* of Belfast, which have contributed so 
much to extend and simplify the analysis and solution of 
numerical equations. 

In the more advanced portions of the subject we are in- 
debted mainly, among published works, to the Lessons Intro- 
ductory to the Modern Higher Algebra of Dr. Salmon, and the 


* Theory and Solution of Algebraical Equations, London, 1835; Analysis and 
Solution of Cubic and Biquadratic Equations, London, 1842; and Theory and 
Solution of Algebraical Equations of the Higher Orders, London, 1843. 
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Theorie der bindren algebraischen Formen of Clebsch ; and 
in some degree to the Théorie des Formes binaires of the 
Chey. F. Fad De Bruno. We must record also our obligations 
in this department of the subject to Mr. Michael Roberts, from 
whose Papers in the Quarterly Journal and other periodicals, 
and from whose professorial lectures in the University of 
Dublin, very great assistance has been derived. Many of the 
examples also are taken from Papers set by him at the Uni- 
versity Examinations. 

In the Chapter on the Complex Variable we have followed 
closely the treatment of imaginary quantities given by M. 
Briot in his Lecgons d’ Algeébre. 

In connexion with various parts of the subject several 
other works have been consulted, among which may be 
mentioned the treatises on Algebra by Serret, Meyer Hirsch, 
and Rubini, and papers in the mathematical journals by Boole, 
Cayley, Sylvester, Hermite, and others. 

We have, in the last place, to express our thanks to Mr. 
Robert Graham, of Trinity College, Dublin, who has read the 
proof sheets, and verified most of the examples. His thorough 
acquaintance with the subject has been invaluable to us, and 
many improvements throughout the work are owing to sug- 
gestions made by him. 


Trryity CoLiece, 


September, 1881. 


PREFACE TO THE SECOND EDITION. 


Tue chief alterations in the present edition will befound in 
the Chapter on Determinants, which has been considerably en- 
larged; and in Chap. XVI., on Transformations, to which two 
new sections have been added. The former of these contains a 
discussion of Hermite’s theorem relating to the limits of the 
roots of an equation; and in the latter we have given an 
account of the method of transformation from a system of two 
to a system of three variables, by means of which the Theory 
of Covariants and Invariants of Binary Forms receives a 


simple geometrical illustration. 


Trinity CoLLEce, 


December, 1885. 


Notr.—The first ten Chapters of this work may be regarded as forming an 
elementary course. In reading these Chapters for the first time, Students are 
recommended to omit Art. 53 of Chap. V., and to confine their attention in 
Chap. VI. to Arts. 55, 56, 57, 61, 62, and 63. 
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INTRODUCTION. 


1. Definitions.—Any mathematical expression involving a 
quantity is called a function of that quantity. 

We shall be employed mainly with such algebraical func- 
tions as are rational and integral. By a rational function of a 
quantity is meant one which contains that quantity in a rational 
form only; that is, a form free from fractional indices or radical 
signs. By an integral function of a quantity is meant one in 
which the quantity enters in an integral form only; that is, 
never in the denominator of a fraction. The following expres- 
sion, for example, in which » is a positive integer, is a rational 
and integral algebraical function of 2 :— 


aan +- bat? + cx * + oe + ka + U. 


It is to be observed that this definition has reference to the 
variable quantity x only, of which the expression is a function. 
The several coefficients a, b,c, &c., may be irrational or fractional, 
and the function still remain rational and integral in z. 

A function of z is represented for brevity by F(x), f(x), (2), 
or some such symbol. 

The name polynomial is given to the algebraical function 
to express the fact that it is constituted of a number of terms 
containing different powers of z connected by the signs plus or 
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minus. Jor certain values of the variable quantity x one poly- 
nomial may become equal to another differently constituted. 
The algebraical expression of such a relation is called an equa- 
tion; and any value of x which satisfies this equation is called a 
root of the equation. The determination of all possible roots 
constitutes the complete solution of the equation. 

It is obvious that, by bringing all the terms to one side, we 
“may arrange any equation according to descending powers of # 

‘in the following nianner :— 

Ge gh 6 Gig 0!) 4 age to. + Ona + My = 0. 


The highest power of x in this equation being x, it is said to 
be an equation of the n™ degree in # For such an equation we 
shall, in general, employ the form here written. The suffix 
attached to the letter a indicates the power of w which each coef- 
ficient accompanies, the sum of the exponent of w and the suffix 
of a being equal to » for each term. An equation is not altered 
if all its terms be divided by any quantity. We may thus, if 
we please, dividing by a, make the coefficient of a” in the above 
equation equal to unity. It will often be found convenient to 
make this supposition; and in such cases the equation will be 
written in the form 


ae” + ye + pet + ow + Pn it + pn =. 


An equation is said to be complete when it contains terms 
involving « in all its powers from n to 0, and incomplete when 
some of the terms are absent ; or, in other words, when some of 
the coefficients p,, p., &e., are equal to zero. The term pp, 
which does not contain #, is called the absolute term. An equa- 
tion is numerical, or algebraical, according as its coefficients are 
numbers, or algebraical symbols. 

2. Numerical and Algebraical Equations.—In many 
researches in both mathematical and physical science the final 
mathematical problem presents itself in the form of an equation 
on whose solution that of the problem depends. It is natural, 
therefore, that the attention of mathematicians should have been 
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at an early stage in the history of the science directed towards 
inquiries of this nature. The science of the Theory of Equa- 
tions, as it now stands, has grown out of the successive attempts 
of mathematicians to discover general methods for the solution 
of equations of any degree. When the coefficients of an equation 
are given numbers, the problem is to determine a numerical 
value, or perhaps several different numerical values, which will 
satisfy the equation. In this branch of the science very great 
progress has been made ; and the best methods hitherto advanced 
for the discovery, either exactly or approximately, of the nume- 
rical values of the roots will be explained in their proper places 
in this work. 

Equal progress has not been made in the general solution of 
equations whose coefficients are algebraical symbols. The stu- 

dent is aware that the root of an equation of the second degree, 
whose coefficients are such symbols, may be expressed in terms 
of these coefficients in a general formula; and that the nume- 
rical roots of any particular numerical equation may be obtained 
by substituting in this formula the particular numbers for the 
symbols. It was natural to inquire whether it was possible to 
discover any such formula for the solution of equations of higher 
degrees. Such results have been attained in the case of equa- 
tions of the third and fourth degrees. It will be shown that 
in certain cases these formulas fail to supply the solution of 
a numerical equation by substitution of the numerical coef- 
ficients for the general symbols, and are, therefore, in this 
respect inferior to the corresponding algebraical solution of 
the quadratic. 

Many attempts have been made to arrive at similar general 
formulas for equations of the fifth and higher degrees; but it 
may now be regarded as established by the researches of modern 
analysts that it is not possible by means of radical signs, and 
other signs of operation employed in common algebra, to ex- 
press the root of an equation of the fifth or any higher degree 
in terms of the coefficients. 

3. Polynomials.—From the preceding observations it is 
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plain that one important object of the science of the Theory of 
Equations is the discovery of those values of the variable quan- 
tity « which give to the polynomial f(x) the particular value 
zero. In attempting to discover such values of # we shall be led 
into many inquiries concerning the values assumed by the poly- 
nomial for other values of the variable. We shall, in fact, see 
in the next Chapter that, corresponding to ‘a continuous series 
of values of 2 varying from an infinitely great negative quan- 
tity (—oo) to an infinitely great positive quantity (+0 ), f(z) 
will assume also values continuously varying. The study of 
such variations is a very important part of the theory of poly- 
nomials. The general solution of numerical equations is, in 
fact, a tentative process; and by examining the values assumed 
by the polynomial for certain arbitrarily assumed values of the 
variable, we shall be led, if not to the root itself, at least to an 
indication of the neighbourhood in which it exists, and within 
which our further approximation must be carried on. 

A polynomial is sometimes called a guantic. It is convenient 
to have distinct names for the quantics of various successive 
degrees. The terms quadratic (or quadric), cubic, biquadratic (or 
quartic), quintic, sextic, &c., are used to represent quantics of the 
2nd, 3rd, 4th, 5th, 6th, &e., degrees; and the equations obtained 
by equating these quantics to zero are called quadratic, cubic, 
biquadratic, &c., equations, respectively. 
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CHAPTER I. 


GENERAL PROPERTIES OF POLYNOMIALS. 


4, In tracing the changes of value of a polynomial correspond- 
ing to changes in the variable, we shall first inquire what terms 
in the polynomial are most important when values very great 
or very small are assigned to x ‘This inquiry will form the 
subject of the present and succeeding Articles. 
Writing the polynomial in the form 
(Sal :aql 5°) “ad 
ax” \1+—-+——=4+...+——+-—-}, 
} bo OO age 
it is plain that its value tends to become equal to ax” as x tends 
towards 0. ‘The following theorem will determine a quantity 
such that the substitution of this, or of any greater quantity, 
for « will have the effect of making the term a” exceed the 
sum of all the others. In what follows we suppose a to be 
positive; and in general in the treatment of polynomials and 
equations the highest term is supposed to be written with the 
positive sign. 
Theorem.—// in the polynomial 


At” + AU") + dnt + oe FH An at + An 
ak . ° a 
the value “i +1, or any greater value, be substituted for x, where ax 
0 


as that one of the coefficients dy, dz. . . Gn whose numerical value is 
greatest, irrespective of sign, the term containing the highest power 
of « will exceed the sum of all the terms which follow. 

The inequality 


By D” > Ay +: Age +... + Oni + On 


[y 54 
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is Satisfied by any value of « which makes 
Aye” > ay (a + a"? +...4+241), 


where a; is the greatest among the coefficients a, dz, .. - dnty Any 
without regard to sign. Summing the geometric series within 
the brackets, we have 


a” —J1 . Ak 
eke eer nm wee | 
Got! > Oy 7, OF & Get (2* —1), 


which is satisfied if a (v-—1) be > or =a, 


* Ak 
that is w>or=— +1. 
0 


The theorem here proved is useful in supplying, when the 
coefficients of the polynomial are given numbers, a number such 
that when x receives values nearer to + o the polynomial will 
preserve constantly a positive sign. If we change the sign of x, 
the first term will retain its sign if m be even, and will become 
negative if x be odd; so that the theorem also supplies a nega~ 
tive value of z, such that for any value nearer to — 0 the 
polynomial will retain constantly a ‘positive sign if n be even, 
and a negative sign if nm be odd. The constitution of the poly- 
nomial is, in general, such that limits much nearer to zero than 
those here arrived at can be found beyond which the function 
preserves the same sign; for in the above proof we have taken 
the most unfavourable case, viz. that in which all the coefficients 
except the first are negative, and each equal to a,; whereas in 
_ general the coefficients may be positive, negative, or zero. 

Several theorems, having for their object the discovery of such 
closer limits, will be given in a subsequent Chapter. 

5. We now proceed to inquire what is the most important 
term in a polynomial when the value of x is indefinitely dimi- 
nished; and to determine a quantity such that the substitution 
of this, or of any smaller quantity, for 2 will have the effect of 
giving such term the preponderance. 

Theorem.—// in the polynomial 


1 + a,e"* + e@¢e + An: + An 


neat AID 


4 


Theorem. yf 


an ‘ 
the value , or any smaller value, be substituted for x, where ay, 
ts the greatest coefficient exclusive of an, the term a, will be nume- 


rically greater than the sum of all the others. 


To prove this, let # = 3 then by the theorem of Art. 4, 
a being now the greatest among the coefficients a, a, .. - dn; 


without regard to sign, the value = +1, or any greater value of 


y, will make 
Any” > An ry") + Any" +... t+ UY +A, 

: 1 ; 

that is, On > Oni— + Onazt...d—} 
Y Y Y 
An : 
hence the value ee or any less value of x, will make 
An k 


hn > On 10 + An ig® + oss + Apt”. 


This proposition is often stated in a different manner, as 
follows :— Values so small may be assigned to x as to make the 
polynomial 

An 1 + Ano? +... + M2" 


less than any assigned quantity. 
This statement of the theorem follows at once from the above 


proof, since a, may be taken to be the assigned quantity. 
There is also another useful statement of the theorem, as 
follows :— When the variable x receives a very small value, the sign 


of the polynomial 
DnB + Ongt? +i. + Ar" 


is the same as the sign of its first term Ay1&. 
This appears by writing the expression in the form 


#{ Ani + Ano +... + aoa" } $ 


for when a value sufficiently small is given to 2, the numerical 
value of the term a,_, exceeds the sum of the other terms of the 
expression within the brackets, and the sign of that expression 
will consequently depend on the sign of ay. 
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6. Change of Form of a Polynomial corresponding 
to an increase or diminution of the Variable. Derived 
Functions.— We shall now examine the form assumed by the 
polynomial when w+ / is substituted for x. If, in what follows, 
h be supposed essentially positive, the resulting form will corre- 
spond to an increase of the variable ; and the form corresponding 
to a diminution of # will be obtained from this by changing the 
sign of / in the result. 

When ~ is changed to x + h, f(x) becomes f(x + h), or 


Ay (eth) + a,(@+h)™ + an(eth)rrt... + dni (a@th) tap. 


Let each term of this expression be expanded by the binomial 


theorem, and the result arranged according to ascending powers 
of h. We then have 


Ape” + aa" + ite Sa Ont + An1% + An 


+h{naye”™ + (n-1) aya”? + (n-— 2) aga”? + 2. + Qdy ott Ans} 


2 


+7 3 n(n — 1) aya”? + (n -1) (n -2) aya"? +... + 2ay 2} 
+ a 
a 2 in.m—-l...2.d3e 

hob ae a ap 


It will be observed that the part of this expression indepen- 
dent of / is f(x) (a result obvious d prior’), and that the succes- 
sive coefficients of the different powers of / are functions of x of 
degrees diminishing by unity. It will be further observed that 
the coefficient of A may be derived from f(x) in the following 
manner :—Let each term in f(x) be multiplied by the exponent 
of x in that term, and let the exponent of 2 in the term be 
diminished by unity, the sign being retained; the sum of all 
the terms of /(#) treated in this way will constitute a polynomial 
of dimensions one degree lower than those of f(x). This poly- 
nomial is called the first derived function of f(x). It is usual to 
represent this function by the notation /’(x). The coefficient 


| 
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2 


of —_ may be derived from /’(x) by a process the same as that 


employed in deriving /’(~) from (x), or by the operation twice 
performed on f(x). This coefficient is represented by /”(«), and 
is called the second derived function of f(v). In like manner the 
succeeding coefficients may all be derived by successive opera- 
tions of this character; so that, employing the notation here 
indicated, we may write the result as follows :— 


T(at+h) =f (a) +f (a) h 7 ae h? + as Aa + ah”. 


It may be observed that, since the interchange of x and h 
does not alter f(z +h), the expansion may also be written in the 


form S yn 
S(at+h)y=f(h) +f (h)e+ cd eh TO or eve TAR. 


We shall in general employ the notation here explained ; 
but on certain occasions when it is necessary to deal with derived 
functions beyond the first two or three, it will be found more 
convenient to use suffixes instead of the accents here employed. 
The expansion will then be written as follows :— 


fle+h) =f) +A@h+f(@) fog. +h(@) py gt 


EXAMPLE. 


Find the result of substituting x + / for x in the polynomial 42° + 6a? —7x + 4. 
Here 

SF (x) =403 + 62? -Tx+4, 

f'(e) =120 + 12¢—7, 

~ f"(a) = 240412, 
WET ON: 
and the result is ene es 
h8 


I 
425 + 62° — Tx + 4+ (122? + 12a —7)h + (24e+12) — +249. 


The student may verify this result by direct substitution. 


7. Continuity of a Rational Integral Function of 7.— 
If in a rational and integral function f(x) the value of x be 


De 
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made to vary, by indefinitely small increments, from one quan- 
tity a to a greater quantity 6, we proceed to prove that f(x) at 
the same time varies also by indefinitely small increments ; in 
other words, that f(x) varies continuously with x. 
Let x be increased from atoa+h. The corresponding incre- 
ment of f(z) is 
P(a +h) —f(a) ; 


and this is equal, by Art. 6, to 


2 
I (ayh+f" (a) ~ gtr t ah”, 


in which expression all the coefficients /’(a), f(a), &e., are finite 
quantities. Now, by the theorem of Art. 5, this latter expres- 
sion may, by taking / small enough, be made to assume a value 
less than any assigned quantity; so that the difference between 
J(a +h) and f(a) may be made as small as we please, and will 
ultimately vanish with 4. The same is true during all stages of 
the variation of x from a to }; thus the continuity of the func- 
tion f(x) is established. 

- It is to be observed that it is not here proved that f(z) 
increases continuously from f(a) to f(b). It may either increase 
or diminish, or at one time increase, and at another diminish ; 
but the above proof shows that it cannot pass per saltum from 
one value to another; and that, consequently, amongst the 
values assumed by /(7) while # increases continuously from a to 
6 must be included all values between f(a) and f(d). The sign 
of f’(a) will determine whether /(z) is increasing or diminishing; 
for it appears by Art. 5 that when / is small enough the sign of 
the total increment will depend on that of /’(a)h. We thus 
observe that when f’(a) is positive f(a) is increasing with «; and 
when f' (a) is negative f(x) is diminishing as x increases. 

8. Form of the Quotient and Remainder when a 
Polynomial is divided by a Binomial.—Let the quotient, 
when 


yt” +, + Ag” os + An ik + On 


ee ee ee Ee ee ee ee a a ee ae oe 
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is divided by # — h, be 


boa + ba? + Oi 6.6 a Dn2% + oa. 


This we shall represent by Q, and the remainder by R. We 
have then the following equation :— 

J («) = (@-h) Q+R. 

The meaning of this equation is, that when Q is multiplied 
by «-h, and & added, the result must be cdentica/, term for term, 
with f(z). In order to distinguish equations of the kind here 
_ explained from equations which are not identities, it will often 

be found convenient to use the symbol here employed in place 
of the usual symbol of equality. The right-hand side of the 
identity is 


boa” + b, ar + be gree. tO, jet 


mAb = hb, a Tae ey 
Equating the coefficients of x on both sides, we get the fol- 
lowing series of equations to determine 0, 0), 2, .. . baa, R:— 
| b, =bh+a, 
b, =dyh + dr, 
b; = bh + ds, 


bns= Onsh + An-1y 
R = daih + Gn. 

These equations supply a ready method of calculating in 
succession the coefficients &, 0,, &c. of the quotient, and the 
remainder R. For this purpose we write the series of operations 
in the following manner :— 


Aoy Ary Ary 35 ee i Qn-15 Any 
bh, bh, bh +. ee | a h, Gas h, 
Sr “Se ae 


In the first line are written down the successive ooefticients 
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of f(x). The first term in the second line is obtained by multi- | 


plying @ (or &, which is equal to it) by 4. The product A is 


placed under a, and then added to it in order to obtain the i 


term 0, in the third line. This term, when obtained, is multi- 
plied in its turn by f, and placed under a,. The product is 
added to a, to obtain the second figure 0, in the third line. The 


repetition of this process furnishes in succession all the coef- | 


ficients of the quotient, the last figure thus obtained being the 
remainder. A few examples will make this plain. 


EXAMPLES. 
1. Find the quotient and remainder when 32+ — 525 + 10x? + 1lz — 61 is divided 
by #— 3. 
The calculation is arranged as follows :— 
3. —5 10 FL a Gt, 
9 12 66 231. 


4 22 77 170. 
Thus the quotient is 373 + 4v* + 22% + 77, and the remainder 170. 
2. Find the quotient and remainder when w* + 5z* + 32+ 2 is divided by 2-1. 
Ans. Q= 27+ 6244+9, R=11. 
3. Find Q and R when x — 424 + 7x — 11z —13 is divided by x— 5. 
N.B.—When any term in a polynomial is absent, care must be taken to supply 
the place of its coefficient by zero in writing down the coefficients of f(z). In this 
example, therefore, the series in the first line will be 
14 2 1 Pe 
Ans. Q= 24+ 2° +1227?+ 607+ 289; R=1482. 
4. Find Q and R& when 2? + 37 — 152" + 2 is divided by 4-2. 
Ans. Q=28 +247 + 726+ 1425 + 2824 + 5623 + 1122? + 20974418; R=838. 
5. Find Q and & when w+ #?—10x7+113 is divided by +4. 
Ans. Q=x'*—42° + 162?-— 634 +242; R=—855. 


9. Tabulation of Functions.—The operation explained 
in the preceding Article affords a convenient practical method 
of calculating the numerical value of a polynomial whose coef- 
ficients are given numbers when any number is substituted for z. 
For, the equation 

I (@) 6 (x — h) Q+ fk, 
since its two members are identically equal, must be satisfied 
when any quantity whatever is substituted for x Let #=h 
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then ST (h) = R, x-h being = 0, and Q remaining finite. Hence 


the result of substituting / for v in f(x) is the remainder when 


f(a) is divided by x-h, and can be calculated rapidly by the 


process of the last Article. 
For example, the result of substituting 3 for « in the poly- 
nomial of Ex. 1, Art. 8, viz., 


ut — ov*° + 10e* + I1lv- 61, 
is 170, this being the remainder after division by x-3. The 


student can verify this by actual substitution. 
Again, the result of substituting — 4 for xv in 


a +a°—10e+113 
is — 855, as appears from Ex. 5, Art.8. We saw in Art. 7 that 
as # receives a continuous series of values increasing from — « to 
+0, f(x) will pass through a corresponding continuous series. 


If we substitute in succession for x, in a polynomial whose coef- 
ficients are given numbers, a series of numbers such as 


ee 4 ed OT, 2) 874, BE 


and calculate the corresponding values of /(7), the process may 
be called the tabulation of the function. 


EXAMPLES. 


1. Tabulate the trinomial 27? + x — 6, for the following values of x :— 


fog 8 28 1s O84 BO By Oe 


Values of 7, —4 | -3 —2 —1 0 1 2 3 4 
i snd (2s. 22 9 0 —5 —6 —3 4 15 30 

2. Tabulate the polynomial 102° — 17x? + x + 6 for the same values of 2. 
Values of x, —4 =3 —2|) —-1j} 0 “S 2 3 4 
ow F(@),|—910 | —420|—144| —22) 6 o | 20 | 126 | 378 


10. Graphic Representation of a Polynomial.—In 
investigating the changes of a function /(#) consequent on any 


10. 
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series of changes in the variable which it contains, it is plain — 
that great advantage will be derived from any mode of repre- — 
sentation which renders possible a rapid comparison with one 
another of the different values which the function may assume. 
In the case where the function in question is a polynomial with — 
numerical coefficients, to any assumed value of « will correspond | 
one definite value of f(x). We proceed to explain a mode of © 
graphic representation by which it is possible to exhibit to the 
eye the several values of f(x) corresponding to the different 
values of a. / 

Let two right lines OX, OY ¥ 
(fig. 1) cut one another at right R 
angles, and be produced indefinitely r 9 


in both directions. These lines are e 
called the awis of x and avis of y, 
respectively. Lines, such as OA, 
measured on the axis of xz at the ip’ 
right-hand side of O, are regarded a 
as positive; and those, such as 
OA’, measured at the left-hand 
side, as negative. ‘Lines parallel ag: As 

to OY which are above XX’, such as AP or BQ, are positive ; 
and those below it, such as AT or A’P’, are negative. These 
conventions are already familiar to the student acquainted with 
Trigonometry. 

Any arbitrary length may now be taken on OX as unity, 
and any number positive or negative will be represented by a 
line measured on XX’: the series of numbers increasing from 0 
to + in the direction OX, and diminishing from 0 to — © in the 
direction OX’. Let any number m be represented by OA; cal- 
culate f(m) ; from A draw AP parallel to OY to represent /(m) 
in magnitude on the same scale as that on which OA represents 
m, and to represent by its position above or below the line OX 
the sign of f(m). Corresponding to the different values of m 
represented by OA, OB, OC, &c., we shall have a series of points 
P, Q, R, &c., which, when we suppose the series of values of 


ry’ 
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m indefinitely increased so as to include all numbers between 
—o and +0, will trace out a continuous curved line. This 
curve will, by the distances of its several points from the line 
OX, exhibit to the eye the several values of the function f(a). 

The process here explained is also called tracing the function 
f(z). The student acquainted with analytic geometry will observe 
that it is equivalent to tracing the plane curve whose equation 
is y= f(z). 

In the practical application of this method it is well to begin 
by laying down the points on the curve corresponding to certain 
small integral values of x, positive and negative. It will then 
in general be possible to draw through these points a curve 
which will exhibit the progress of the function, and give a general 
idea of its character. The accuracy of the representation will 
of course increase with the number of points determined between 
any two given values of the variable. When any portion of the 
curve between two proposed limits has to be examined with care, 
it will often be necessary to substitute values of the variable 
separated by smaller intervals than unity. The following ex- 
amples will illustrate these principles. 


EXAMPLES. 


1. Trace the trinomial 22? + x — 6. 

The unit of length taken is one-sixth of 
the line OD in fig. 2. G 

In Ex. 1, Art. 9, the values of f(x) are pe 
given corresponding to the integral values 
of w from — 4 to + 4, inclusive. 

By means of these values we obtain 
the positions of nine points on the curve ; F 
seven of which, 4, B, C, D, E, F, G, are 
here represented, the other two correspond- xX’ B\ |O/M x 
ing to values of f(x) which lie out of the E 
limits of the figure. C 

The student. will find it a useful exercise 
to trace the curve more minutely between 
the points C and Z in the figure, viz. by 
calculating the values of f(x) corresponding Fig. 2. 
to all values of x between — 1 and 1 separated by = intervals, say of one-tenth, 
as is done in the following example. 
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2. Trace the polynomial 
1043 —17z? +246. 


This is already tabulated in Art. 9 for values of x between —4 and 4. 

It may be observed, as an exercise on Art. 4, that this function retains positive 
values for all positive values of x greater than 2°7, and negative values for all 
values of w nearer to — o than—2°7. The 
curve will, then, if it cuts the axis of ~ at all, pas t 
cut it at a point (or points) corresponding to 
some value (or values) of x between — 2°7 and 
+2°7; so that if our object is to determine, or \ 
approximate to, the positions of the roots of the | 
equation f(z) = 0, the tabulation may be con- 
fined to the interval between — 2°7 and 2°7. 

This is a case in which the substitution of 
integral values only of x gives very little help 
towards the tracing of the curve, and where, x’ om xX 
consequently, smaller intervals have to be ex- 
amined. We give the tabulation of the func- 
tion for intervals of one-tenth between the 
integers—1,0; 0, 1; 1, 2. From these values 4 
the positions of the corresponding points on 
the curve may be approximately ascertained, 
and the curve traced as in fig. 3. 


ee: came Bi ° 


Values of x —-1|] -°9 —°8|)—"7 |-—°6 |-°5|—-4]-°3| —°2[ -°1 
yop £(c) |+22|-15-96]—-10-8 |~6-46]—-2-88) 0 | 2-24] 3-9] 5-04 | 5-72 
Values of x Of 1) 8 [eae ee ee eect 
| 
» 99 f(z) | 6 | 594 | 5-6 | 5-04} 4:32] 3-5 |2-64] 1-8] 1-04 | -42 
Values of x 1} 21} 1-2 [1:3 | 14415) 16/1-7] 1:8] 1-9 | 2 
» 9 fe) | 0 |—16} 0 | 54 {1-52] 3 |5-04| 7-7 |11-04115-12| 20 


The curve traced in Ex. 1 cuts the axis of x in two points 
(a number equal to the degree of the polynomial) : in other ~ 
words, there are two values of # for which the value of the given 
polynomial is zero; these are the roots of the equation 2a7 +a - 
6 = 0. viz., - 2, and 1°5. Similarly, the curve traced in Ex. 2 
cuts the axis in three points, viz., the points corresponding to the 
roots of the cubic equation 10z* -17z7+2+6=0. The curve 


ost7| 


Maxima and Minima Values. 17 


representing a given polynomial may not cut the axis of x at 
all, or may cut it in a number of points less than the degree of 
the polynomial. Such cases correspond to the imaginary roots 
of equations, as will appear more fully in the next Chapter. For 
example, the curve which represents the polynomial 227 + # + 2 
will, when traced, lie entirely above the axis of x; in fact, since 
this function differs from the function of Ex. 1 only by the ad- 
dition of the constant quantity 8, each value of /(x) is obtained 
by adding 8 to the previously calculated value, and the entire 
curve can be obtained by simply supposing the previously traced 
curve to be moved up parallel to the axis of y through a distance 
equal to 8 of the units. It is evident, by the solution of the 
equation 22° + 2+ 2=0, that the two values of z which render 
the polynomial zero are in this case imaginary. Whenever the 
number of points in which the curve cuts the axis of z falls short 
of the degree of the polynomial, it is customary to speak of the 
curve as cutting the line in imaginary points. 

| 11. Maxima and Minima Walues of Polynomials.— 
It is apparent from the considerations established in the pre- 
ceding Articles, that as the variable 2 changes from — © to+, 
the function /(~) may undergo many variations. It may go 
on for a certain period increasing, and then, ceasing to increase, 
| may commence to diminish ; it may then cease to diminish and 
commence again to increase; after which another period of 
_ diminution may arrive, or the function may (as in the last 
_ example of the preceding Art.) go on then continually in- 
creasing. At a stage where the function ceases to increase 
and commences to diminish, it is said to have attained a 
maximum value; and when it ceases to diminish and com- 
mences to increase, it is said to have attained a minimum 
value. A polynomial may have several maxima, or several 
minima values, or both: the number depending in general on 
the degree of the function. Nothing exhibits so well as a 
graphic representation the occurrence of such a maximum or 
minimum value; as well as the various fluctuations of which 
the values of a polynomial are susceptible. 

C 
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A knowledge of the maxima and minima values of a func- 
tion, giving the position of the points where the curve bends. 
with reference to the axis, is often of great assistance in tracing 
the curve corresponding to a given polynomial. It will be 
shown in a subsequent chapter that the determination of these — 


points depends on the solution of an equation one degree lower | 
than that of the given function. 
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CHAPTER II. 


GENERAL PROPERTIES OF EQUATIONS. 


12. Tue process of tracing the function /(x) explained in Art. 10 
may be employed for the purpose of ascertaining approximately 
the real roots of a given numerical equation; for when the cor- 
responding curve is accurately traced, the real roots of the equa- 
tion f(v) = 0 can be obtained approximately by measuring the 
distances from the origin of its points of intersection with the 
axis. With a view to the more accurate numerical solution of 
this problem, as well as the general discussion of equations 
both numerical and algebraical, we proceed to establish in the 
present Chapter the most important general properties of equa- 
tions having reference to the existence, and number of the roots, 
and the distinction between real and imaginary roots. 

By the aid of the following theorem the existence of a real 


— root in an equation may often be established :— 


Theorem.—J// two real quantities a and b be substituted for 
the unknown quantity x in any polynomial f(x), and if they furnish 
results having different signs, one plus and the other minus ; then the 
equation f(#) = 0 must have at least one real root intermediate in 
value between a and b. 

This theorem is an immediate consequence of the property 
of the continuity of the function f(x) established in Art. 7; for 
since f(z) changes continuously from /(a) to f(0), and therefore 
passes through all the intermediate values, while 2 changes from 
ato 6; and since one of these quantities, f(a) or f(d), is positive, 
and the other negative, it follows that for some value of x inter- 


mediate between a and 6, /() must attain the value zero which 
‘is intermediate between f(a) and /(d). 
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The student will assist his conception of this theorem by 
reference to the graphic method of representation. What is 
here proved, and what will appear obvious from the figure, is, 
that if there exist two points of the curved line representing the 
polynomial on opposite sides of the axis OX, then the curve 


yy 


ey 
ie 


joining these points must cut that axis at least once. It will — 


also be evident from the figure that several values may exist 
between a and for which /(z) = 0, 7. e. for which the curve cuts 
the axis. For example, in fig. 3, Art. 10, 7=-2 gives a nega- 
tive value (— 144), and = 2 gives a positive value (20), and be- 
tween these points of the curve there exist three points of section 
of the axis of z. 

Corollary.—// there exist no real quantity which, substituted 
for x, makes f(x) =0, then f(a) must be positive for every real value 
Off. | 

For it is evident (Art. 4) that z= 0c makes f(z) positive; and 
no value of w, therefore, can make it negative ; for if there were 
any such value, the equation would by the theorem of this 
Article have a real root, which is contrary to our present hypo- 


thesis. With reference to the graphic mode of representation ~ 


this theorem may be expressed by saying that when the equa- 
tion f(z) =0 has no real root, the curve representing the poly- 
nomial f(x) must lie entirely above the axis of x. 


13. TWheorem.— Every equation of an odd degree has at least — 


one real root of a sign opposite to that of its last term. 

This is an immediate consequence of the theorem in the last 
Article. Substitute in ‘succession — 0, 0, oo for w in the poly- 
nomial f(z). The results are, x being odd (see Art. 4), 


for #=— 0, f(x) is negative ; | 
», «=0, sign of f(a) is the same as that of a, ; 
5» c=+0, f(x) is positive. 


If dp is positive, the equation must have a real root between — 00 
and 0, z.e. a real negative root; and if a, is negative, the equa- 
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tion must have a real root between 0 and o, 7. ¢. a real positive 
root. The theorem is thus proved. 

14. Theorem.—Lvery equation of an even degree, whose last 
term is negative, has at least two real roots, one posttive and the 
other negative. 

The results of substituting —- 0, 0, are in this case 


ete +, 
0, aed 
+O, +*¢ 


hence there is a real root between —. and 0, and another be- 
tween 0 and+; ¢.e. there exist at least one real negative, and 
one real positive root. 

We have contented ourselves in both this and the preceding 
Articles with proving the existence of roots, and for this purpose 
it is sufficient to substitute very large positive or negative values, 
as we have done, for x. It is of course possible to narrow the 


_ limits within which the roots lie by the aid of the theorem of 


Art. (4), and still more by the aid of the theorems respecting 
the limits of the roots to be given in a subsequent Chapter. 

_ 15. Existence of a Root in the General Equation. 
Imaginary Roots.— We have now proved the existence of a 
real root in the case of every 
equation except one of an even 
degree whose last term is positive. Y 
Such an equation may have no 
real root at all. It is necessary 
then to examine whether, in the 
absence of real values, there may 
not be values involving the ima- 
ginary expression ,»/— 1, which, 
when substituted for 2, reduce the D 
polynomial to zero; or whether X’ 0 x 
there may not be in certain cases 
both real and imaginary values Fig. 4. 
of the variable which satisfy the equation. We take a simple 
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example to illustrate the occurrence of such imaginary roots. 
As already remarked (Art. 10), the curve corresponding to the 


polynomial 
T (a) = 20° +442 


lies entirely above the axis of 7, as in fig. 4. The equation 
J (x) = 0 has no real roots; but it has the two imaginary roots 


as is évident by the solution of the quadratic. We observe, 
therefore, that in the absence of any real values there are in 
this case two imaginary expressions which reduce the polynomial 
to zero. 

The general proposition of which this furnishes an illustra- 
tion is, that Hvery rational integral equation 


Ay t” +A," + Ag 1 4+... + Oni + On, =9 


must have a root of the form 


a+ B/f-1, 


a and 3 being real finite quantities. This statement includes 
both real and imaginary roots, the former corresponding to the 
value (3 = 0. 

As the proof of this proposition involves principles which 
could not conveniently have been introduced hitherto, and 
which will present themselves more naturally for discussion 
in subsequent parts of the work, we defer the demonstration 
until these principles have been established. or the present, 
therefore, we assume the proposition, and proceed to derive 
certain consequences from it. 

16. Wheorem.— Every equation of n dimensions has n roots, 
and no more. 

We first observe that if any quantity / is a root of the equa- 
tion f(«) = 0, then f(z) is divisible by —/ without a remainder. 
This is evident from Art. 9; for if f(A) =0, 7. e. if h is a root 
of f(x) =0, R must be = 0. 


= . 
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Let, now, the given equation be 
S (a) 32" + pie + pre +... + Dn it + Pn = 9. 


This equation must have a root, real or imaginary (Art. 15), 
which we shall denote by the symbol a. Let the quotient, when 


| J (a) is divided by #- a, be $:(#) ; we have then the identical 


equation 

I («) = (@ — a1) $1 (2). 
Again, the equation ¢,(v) =0, which is of n —1 dimensions, must 
have a root, which we represent by a. Let the quotient ob- 
tained by dividing ¢.(«) by -a, be ¢.(%). Hence 


gx (#) = (w — a2) bo (2), 
and .*. f(x) = («— a) (w — az) $2 (@), 


where ¢,(v) is of n — 2 dimensions. 

Proceeding in this manner, we prove that f(x) consists of the 
product of » factors, each containing ~« in the first degree, and a 
numerical factor ¢, (7). Comparing the coefficients of a”, it is 
plain that ¢,(v%)=1. Thus we prove the identical equation 


iF (2) =(¢- ay) (a— az) (w-a3)..... (a — an) (@— an). 


It is evident that the substitution of any one of the quanti- 
ties ai, a2,... ay for v in the right-hand member of this equation 


will reduce that member to zero, and will therefore reduce / () 


to zero; that is to say, the equation f(x) = 0 has for roots the n 
quantities a1, a2, a3... @n1, a. And it can have no other roots ; 
for if any quantity other than one of the quantities a, a2, ... an 
be substituted in the right-hand member of the above equation, 
the factors will be all different from zero, and therefore the pro- 


~ duct cannot vanish. 


Corollary.— Two polynomials of the n™ degree cannot be equal 
to one another for more than n values of the variable without being 
completely identical. 

For if their difference be equated to zero, we obtain an equa- 
tion of the n™* degree, which can be satisfied by n values only of 
the variable, unless each coefficient be separately equal to zero. 
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The theorem of this Article, although of no assistance in the 
solution of the equation /(x) =0, enables us to solve completely 
the converse problem, 7. ¢. to find the equation whose roots are 
any given quantities. The required equation is obtained by 
multiplying together the » simple factors formed by subtract- 
ing from # each of the given roots. By the aid of the present 
theorem also, when any (one or more) of the roots of a given 
equation are known, the equation containing the remaining 
roots may be obtained. For this purpose it is only necessary 
to divide the given equation by the product of the given bino- 
mial factors. The quotient will be the required polynomial 
composed of the remaining factors. 


EXAMPLES. 


1. Find the equation whose roots are 


Ans. 2-52-1327 + 532 + 60=0. 
2. The equation 
v4 — 643 + 82? -172+10=0 
has a root 5; find the equation containing the remaining roots. 
Use the method of division of Art. 8. 
Ans. x*—x? + 3x-2=0. 
3. Solve the equation 
x*— 162° + 86x? — 1762 + 105=0, 
two roots being 1 and 7. 
Ans. The other two roots are 3, 5. 


4. Form the equation whose roots are 


3 1 
ae 
Ans. 142° — 2327-607 +9=0. 
5. Solve the cubic equation 
2—1=0. 


Here it is evident that «= 1 satisfies the equation. Divide by x—1, and solve the 
resulting quadratic. The two roots are found to be 


bee | vos A — 
a 
€, Form an equation with rational coefficients which shall have for a root the 


irrational expression 
Vpt/q. 
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This expression has four different values according to the different combinations 
of the radical signs, viz. 


Sp+/a -VP-VG SV P-VG -V OHV G. 


The required equation is, therefore, 
(e— JS p-S ) (2+ 9 +9) (0 VP tV9) (2 +o P-V 4) =0, 
(x? —p—q—20/ pq) (2? —p—q+ 2/ pg) =0, 


a4 —2(p+q)x*+(p—g)?=0. 


or 


or, finally, 


17. Equal Roots.—It must be observed that the n factors 
of which a polynomial f(x) consists need not be all different 
from one another. The factor x-a, for example, may occur in 
the second, or any higher power not superior to. In this case 
the equation /(7) = 0 is still said to have m roots, two or more 
being now equal to one another ; and the root a is called a mul- 
tiple root of the equation: double, triple, &c., according to the 
number of times the factor is repeated. 

A reference to the graphic construction in Art. 10 (fig. 3) 
will help to explain the occurrence of multiple roots. We see 
by an inspection of the figure that the two positive roots of the 
equation 10xv* - 1727+ 7+6=0 are nearly equal, and we may 
conceive that a slight addition to the absolute term of this poly- 
nomial, which is, as already explained, equivalent to a small 
parallel movement upwards of the whole curve, would have the 
effect of rendering equal the roots of the equation thus altered. 
In that case the line OX would no longer cut the curve in two 
distinct points, but would touch it. Now, when a line touches a 
curve it is properly said to meet the curve, not once, but in ¢wo 
coincident points. The student acquainted with the theory of 
plane curves will have no difficulty in illustrating in a similar 
manner the occurrence of a triple or higher multiple root. 

Equal roots form the connecting link between real and 
imaginary roots. We have just seen that a small change in the 
form of a polynomial may convert it from one having real roots 
into another in which two of the real roots become equal. A fur- 
ther small change may convert it into a form in which the two 
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roots become imaginary. Let us suppose that the above poly- 
nomial is further altered by another small addition to the abso- 
lute term. We shall then have a graphic representation in which 
the axis OX cuts the curve in only one real point, viz., that cor- 
responding to the negative root, the two points of section corre- 
sponding to the two positive roots having now disappeared. 
Consider, for example, the polynomial 10a*° — 17x’ + x + 28, 
which is obtained from that of Ex. 2, Art. 10, by the addition 
of 22. The student can easily construct the figure: the point 
corresponding to A in fig. 8 will now lie much above the axis of z. 
Divide by #+1, and obtain the trinomial 10x? - 277 + 28 which 
contains the remaining two roots. They are easily found to be 


o7 4/801 aq. 27 Y391 > 


B00 720 20. 20 


rn 


We observe in this case, as well as in the example of Art. 15, 
that when a change of form of the polynomial causes one real 
root to disappear, a second also disappears at the same time, and 
the two are replaced by a pair of imaginary roots. The reason 
of this will be apparent from the proposition of the following 

Article. 
18. Imaginary Roots enter Equations in Pairs.— 
The proposition to be now proved may be stated as follows :— 
Lf an equation f(x) =0, whose coefficients are all real quantities, 
have for a root the imaginary expression a + ,/—1, it must also 
have for a root the conjugate imaginary expression a — (3 Pr =k, 

We have the following identity :— 


(«-a-B/-1) (e-at /-1)=(«-a)?+P. 


Let the polynomial f(x) be divided by the second member of 
this identity, and if possible let there be a remainder Ra + FR’. 
We have then the identical equation 


J (#) = {(a@-a)?+P?} Q+ Re+ RB, 


where Q is the quotient, of n- 2 dimensions in 2. Substitute in 


16) 


Imaginary Roots. 27 


this identity a+./—1 forz. This, by hypothesis, causes f(z) 
to vanish. It also causes (#-a)’? +3? to vanish. Hence 


(a+ FBS C -1)+fh= 
From this we obtain the two equations 
Ra+ fh’ =0, RB=0, 


since the real and imaginary parts cannot destroy one another ; 


hence 
#£=0, R’=0. 


Thus the remainder Ra +R’ vanishes ; and, therefore, f(x) is 
divisible without remainder by the product of the two factors 


Praree-1;  e—a+B/-1. 


: The equation has, consequently, the root a—-3')/—1 as well 
as the root a+P,/—1 
_  -Thus the total Saber of imaginary roots in an equation 
with real coefficients is always even; and every polynomial may 
_ be regarded as composed of real factors, each pair of imaginary 
_ roots producing a real quadratic factor, and each real root pro- 
_ ducing a real simple factor. The actual resolution of the poly- 
nomial into these factors constitutes the complete solution of the 
- equation. 
We observed in Art. 17 that equal roots may be considered 
as the connecting link between real and imaginary roots. This 
_ statement may now be regarded from another point of view. 
_ Suppose a polynomial has the quadratic factor (v-—a)’+4, and 
let its form be altered by means of slight alterations in the value 
’ ofk. When k is negative, the quadratic factor gives a pair of real 
roots; when /=0, this factor has two equal roots, a; when k is 
positive, the factor has two imaginary roots. 
A. proof exactly similar to that above given shows that surd 
roots, of the forma +/ 7 enter equations whose coefficients are 
rational in pairs. 
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EXAMPLES. 


1. Form a rational cubic equation which shall have for roots 


t,* $4307 i: 
Ans. 22-72? +19%—13=0. 


2. Form a rational equation which shall have for two of its roots 
Lt befall, Beal =. 
Ans. xt —12a3 + 72”? — 3122+ 676=0. 


3. Solve the equation 
xz‘ +225—647+67%+2=0, . : 


ai s, 


Ans. The roots are—2+4/ 3, Lés/ a 


which has a root 


4. Solve the equation 
32° —4a*+2+ 88=0, 


246/-7. 
8 


Ans. The roots are 2+ / ns ees 


one root being 


19. Deseartes’ Rule of Signs— Positive Roots.—This 
rule, which enables us, by the mere inspection of a given equa- 
tion, to assign a superior limit to the number of its positive 
roots, may be enunciated as follows :—No equation can have more 
positive roots than it has changes of sign from + to—-, and from — to 
+, in the terms of tts first member. 

We shall content ourselves for the present with the proof 
which is usually given, and which is rather a verification than 
a general demonstration of this celebrated theorem of Descartes. 
It will be subsequently shown that the rule just enunciated, and 
other similar rules which were discovered by early investigators 
relative to the number of the positive, negative, and imaginary 
roots of equations, are immediate deductions from the more 
general theorems of Budan and Fourier. 

Let the signs of a polynomial taken at random succeed each 
other in the following order :— 


t++-+---+4+-4- 


In this there are in all seven changes of sign, including 
changes from + to -, and from - to +. It is proposed to show 


19). 
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that if this polynomial be multiplied by a binomial whose signs, 
corresponding to a positive root, are + —, the resulting poly- 
nomial will have at least one more change of sign than the 
original. 

We write down only the signs which occur in the operation 
as follows :— 


t++—-+¢---+4+-4- 


--+-+4+4+--4+-+4 


+t—-+-F 


+I 
< 
I+ 
| 
eu 
| 
‘* 


Here in the third line the ambiguous sign + is placed wher- 
ever there are two terms with different signs to be added. We 
observe in this case, and it will readily appear also for every 
other arrangement, that the effect of the process is to introduce 
the ambiguous sign wherever the sign + follows+, or — follows -, 
in the original polynomial. The number of variations of sign 
is never diminished. There is, moreover, always one variation 
added at the end. This is obvious in the above instance, where the 
original polynomial terminates with a variation ; if it terminate 
with a continuation of sign, it will equally appear that the cor- 
responding ambiguity in the resulting polynomial must furnish 
one additional variation either with the preceding or with the 
superadded sign. Thus, in even the most unfavourable case: 
that, namely, in which the continuations of sign in the original 
remain continuations in the resulting polynomial, there is one 
variation added; and we may conclude in general that the 
effect of the multiplication of a polynomial by a binomial 
factor z-a is to introduce at least one additional change of 
sign. 

Suppose now a polynomial formed of the product of the 
factors corresponding to the negative and imaginary roots of an 
equation ; the effect of multiplying this by each of the factors 
«—a, «-2, «--y, &c., corresponding to the positive roots 
a, 3, y, &e., is to introduce at least one change of sign for 

, each; so that when the complete product is formed containing 


{20, I 
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all the roots, we conclude that the resulting polynomial has at 
least as many changes of sign as it has positive roots. This is 
Descartes’ proposition. 

20. Deseartes’ Rule of Signs—Negative Roots.—In 
order to give the most advantageous statement to Descartes’ rule 
in the case of negative roots, we first prove that if — 2 be substi- 
tuted for # in the equation f(x) = 0, the resulting equation will 
have the same roots as the original except that their signs will 
be changed. This follows from the identical equation of Art. 16 


f(a) =(@-ay) (w-az) (w-as).... (@-an), 
from which we derive 
J (-#) =(-1)" (w+ai) (+a) (vt+a;).... (@+an). 
From this it is evident that the roots of /(-~) =0 are 
—di, —Gx —d3...-+—Gn. 


Hence the negative roots of f(x) are positive roots of f(-w), and 
we may enunciate Descartes’ rule for negative roots as fol- 
lows :—Vo equation can have a greater number of negative roots 
than there are changes of sign in the terms of the polynomial f(-2). 

21. Use of Descartes’ Rule in proving the existence 
of Emaginary Roots.—It is often possible to detect the 
existence of imaginary roots in equations by the application of 
Descartes’ rule; for if it should happen that the sum of the 
greatest possible number of positive roots, added to the greatest 
possible number of negative roots, is less than the degree of the 
equation, we are sure of the existence of imaginary roots. Take, 
for example, the equation 


a+10e+x-4=0. 
This equation, having only one variation, cannot have more than 
one positive root. Now, changing x into - 2, we get 

a —l0a-—x-4=0; 
and since this has only one variation, the original equation can- 
not have more than one negative root. Hence, in the proposed 


| 
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equation there cannot exist more than two real roots. It has, 
therefore, at least six imaginary roots. This application of 
Descartes’ rule is available only in the case of incomplete 
equations; for it is easily seen that the sum of the number of 
variations in /(v) and f(-w) 1s exactly equal to the degree of 
the equation when it is complete. | 

22. Wheorem.—/TJ/ two numbers a and b, substituted for x in 
the polynomial f(x), give results with contrary signs, an odd number 
of real roots of the equation f(x) =0 les between them; and if they 
give results with the same sign, either no real root or an even num- 
ber of real roots les between them. 

This proposition, of which the theorem in Art. 12 is a par- 
ticular case, contains in the most general form the conclusions 
which can be drawn as to the roots of an equation from the 
signs furnished by its first member when two given numbers 
are substituted for z We proceed to prove the first part of 
the proposition : the second part is proved in a precisely similar 
manner. 

Let the following m roots ai, a2, .... am, and no others, of 
the equation /(7) = 0 lie between the quantities a and 3, of 
which, as usual, we take a to be the lesser. 

Let ¢(x) be the quotient when /(z) is divided by the product 
of the m factors (w-ai) (e—az) ....(e—-am). We have, then, 
the identical equation 


J («) = (@- a1) (w@-ay) .. . . (©-—an) (a). 


Putting in this successively w= a, x=, we obtain 


J (a) = (a—a) (a—az) ... » (€-amn) (a), 
J (0) = (b-a1) (b- az) ... . (0- am) (0). 

Now ¢(a) and ¢(b) have the same sign; for if they had dif- 
ferent signs there would be, by Art. 12, one root at least of the 
equation ¢ (7) = 0 between them. By hypothesis, f(a) and /(d) 
have different signs; hence the signs of the products 

(a—a,)(@—a;) .... (@—an), 
(b- a1) (b- a)... (b-an); 
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are different; but the sign of the second is positive, since all 
its factors are positive; hence the sign of the first is negative ; 
but all the factors of the first are negative; therefore their 
number must be odd; which proves the proposition. 

In this proposition it is to be understood that multiple roots 
are counted a number of times equal to the degree of their 
multiplicity. 

It is instructive to apply the graphic method of treatment to 
the theorem of the present Article. From this point of view it 


appears almost intuitively true ; for it is evident that when any ~ 


two points are connected by a curve, the portion of the curve 
between these points must cut the axis an odd number of times 
when the points are on opposite sides of the axis; and an even 
number of times, or not at all, when the points are on the same 
side of the axis. 


EXAMPLES. 


1. If the signs of the terms of an equation be all positive, it cannot have a 
positive root. 

2. If the signs of the terms of any complete equation be alternately positive 
and negative, it cannot have a negative root. 

3. If an equation consist of a number of terms connected by + signs followed 
by a number of terms connected by — signs, it has one positive root and no more. 

Apply Art. 12, substituting 0 and © ; and Art. 19. 

4. If an equation involve only even powers of z, and if all the coefficients have 
positive signs, it cannot have a real root. 

Apply Arts. 19 and 20. 

5. If an equation involve only odd powers of x, and if the coefficients have all 
positive signs, it has the root zero and no other real root. 

6. If an equation be complete, the number of continuations of sign in f (2) is 
the same as the number of variations of sign in f(— 2). 

7. When an equation is complete ; if all its roots are real, the number of pontine 
roots is equal to the number of variations, and the number of negative roots is equal 
to the number of continuations of sign. 

8. An equation having an even number of variations of sign must have its last 
sign positive, and one having an odd number of variations must have its last sign 
negative. 

Take the highest power of x with positive coefficient (see Art. 4). 

9. Hence prove that if an equation has an even number of variations it must 
have an equal or less even number of positive roots; and if it has an odd number of 
variations it must have an equal or less odd number of positive roots; in other 
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words, the number of positive roots when less than the number of variations must 
differ from it by an even number. 

Substitute 0 and o, and apply Art. 22. 

10. Find an inferior limit to the number of imaginary roots of the equation 


— 32? —-z+1=0. 
Ans. At least two imaginary roots. 
11. Find the nature of the roots of the equation 


v4 + 154+ 7x —-11=0. 
Apply Arts. 14, 19, 20. 
Ans. One positive, one negative, two imaginary. 
12. Show that the equation 
e+qr+r=0, 


where g and r are essentially positive, has one negative and two imaginary roots. 
13. Show that the equation 
w-—qeu+r=0, 


where ¢ and r are essentially positive, has one negative root ; and that the other two 
roots are either imaginary or both positive. 
14. Show that the equation 
A? B? C2 I? 
ed ek re eo, 
u-a@ “u«-b “x- x—l 
where a, b, c,....2are numbers all different from one another, cannot have an 
imaginary root. 
Substitute a+B1/—land a—B ft — 1 in succession for x, and subtract. We 
get an expression which can vanish only on the supposition B= 0. 
15. Show that the equation 
a—1=0 


has, when # is even, two real roots, 1 and —1, and no other real root; and, when » 
is odd, the real root 1, and no other real root. 

This and the next example follow readily from Arts. 19 and 20. 

16. Show that the equation 

a+1=0 

has, when m is even, no real root; and, when x is odd, the real root — 1, and no 
other real root. 

17. Solve the equation 

xt + 2qa> + 3972? + 2g3a— rt =0. 
This is equivalent to 
(2? +qu+ 9")? - gt—7*=0. 


1 3 ae 
Ans. hot [8g FFF 


The different signs of the radicals give four combinations, and the expression 
here written involves the four roots. 


D 
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18. Form the equation which has for roots the different values of the expression 


24+0f7+/ 11+0 V7, 
where 6?= 1. 


If no restriction had been made by the introduction of @, this expression would 


have 8 values. The «/7 must now be taken with the same sign where it occurs 

under the second radical and free from it. There are, therefore, only four values 

in all. Ans, x*— 8x3 —12x*+ 844-63 =0. 
19, Form the equation which has for roots the four values of 


~9 + 04/137 +3 o/ 34 — 20 V137, 
where 6? =1. Ans. x*+ 3623 — 4002? — 31682 + 7744 =0. 


20. Form an equation with rational coefficients which shall have for roots all the 
values of the expression 
O1\/ pt O2/ G+ 03/7; 
where 0:?=1, Og? = 1, 637 = 1. 
There are eight different values of this expression, viz., 
Vp+/atV/7, -Sp-V/9q-V 1, 
J p-/V 49-V 1, —S ptf q+V7, 
-S p+/9q-vV 7, Vp-V atv 7, 
“/o-/ ai e4 wad Oe 
= 01S D+ 021/ Gt 03/r. 


Assume 


Squaring, we have 


e@=p+qtrt+2 (02.03 / gr + 6301 VS rp + 0102/79) 


Transposing, and squaring again, 
(2? —p —q—r)=4 (gr + rp + pq) +801 0203S par (81 p+ 02/ 9+ 03/7). 


Transposing, substituting x for 01 »/ p + 0,4/ qt 03 4/ r, and squaring, we obtain 
the final equation free from radicals 


{a4 — 20? (ptgtr) +p? +92 +97? —2¢r —2rp — 2pq}* = 64pqra?. 


This is an equation of the eighth degree, whose roots are the values above writ- 
ten. Since 61, 42, 65 have disappeared, it is indifferent which of the eight roots 
+f pt/ qtr is assumed equal to # in the first instance. The final equation 
is that which would have been obtained if each of the 8 roots had been subtracted 
from #, and the continued product formed, as in Ex. 6, Art. 16. 


CHAPTER III. 


RELATIONS BETWEEN THE ROOTS AND COEFFICIENTS OF EQUA- 
TIONS, WITH APPLICATIONS TO SYMMETRIC FUNCTIONS OF THE 
ROOTS. 


23. Relations between the Roots and Coeflicients.— 
Taking for simplicity the coefficient of the highest power of x 
as unity, and representing, as in Art. 16, the » roots of an equa- 
tion by a, a2, az, .. - - dn, We have the following identity :— 


ag” +p, 0" + pox” tee ee FPnit + pn 
= (w — a1) (@ — az) (w@ — a3)... . (@— an). (1) 


When the factors of the second member of this identity are 
multiplied together, the highest power of « in the product is x”; 
the coefficient of x” is the sum of the n quantities - a, — a, &e., 
viz., the roots with their signs changed; the coefficient of 2”? 
is the sum of the products of these quantities taken two by 
two; the coefficient of 2° is the sum of their products taken 
three by three; and so on, the last term being the product of 
all the roots with their signs changed. Hquating, therefore, 
the coefficients of 2 on each side of the identity (1), we have the 
following series of equations :— 


Pri=—(ayta,tas+.... +p), a 

p2= (a; a2+ a1 a3 + Ag a3 + eo re + An-1 Gn), 

ps=- (a; G2 A3+ a, 304+... + + Ane Ans An), > (2) 
Pn=(-1)" a1 azas’.. . . dnt any J 


which enable us to state the relations between the roots and 


coefficients as follows :— 
; D2 
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Theorem.—Jn every algebraic equation, the coefficient of 
whose highest term is unity, the coefficient p, of the second term with 
its sign changed is equal to the sum of the roots. 

The coefficient p, of the third term is equal to the sum of the 
products of the roots taken two by two. 

The coefficient p, of the fourth term with its sign changed is 
equal to the sum of the products of the roots taken three by three ; 
and so on, the signs of the coefficients being taken alternately negative 
and positive, and the number of roots multiplied together in each term 
of the corresponding function of the roots increasing by unity, till — 
finally that function is reached which consists of the product of the 
n roots. | 

When the coefficient a of 2” is not unity (see Art. 1), we 
must divide each term of the equation by it. The sum of the 


roots is then equal to — - ; the sum of their products in pairs is 
‘0 


a j 
equal to oe and so on. 
0 


Cor. 1.—Every root of an equation is a divisor of the abso- 
lute term of the equation. 


Cor. 2.—If the roots of an equation be all positive, the coef- 
ficients (including that of the highest power of z) will be alter- 
nately positive and negative ; and if the roots be all negative, 
the coefficients will be all positive. This is obvious from the 
equations (2) [cf. Arts. 19 and 20]. 

24, Applications of the Theorem.—Since the equations 
(2) of the preceding Article supply » distinct relations between 
the n roots and the coefficients, it might perhaps be supposed 
that some advantage is thereby gained in the general solution 
of the equation. Such, however, is not the case ; for suppose it 
were attempted to determine by means of these equations a root, 
a, of the original equation, this could be effected only by the 
elimination of the other roots by means of the given equations, 
and the consequent determination of a final equation of which 
a, is one of the roots. Now, in whatever way this final equa- 
tion is obtained, it must have for solution not only a,, but each 


24 | : 
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of the other roots a2, a3, ...a,3 for, since all the roots enter in 
the same manner in the equations (2), if it had been proposed 
to determine a, (or any other root) by the elimination of the rest, 
our final equation could differ from that obtained for a, only by 
the substitution of a, (or that other root) for a. The final equa- 
tion arrived at, therefore, by the process of elimination must 
have the n quantities a, a, ..... a, for roots; and cannot, 
consequently, be easier of solution than the given equation. 
This final equation is, in fact, the original equation itself, with 
the root we are seeking substituted for x This we shall show 
for the particular case of a cubic. The process here employed 
is general, and may be applied to an equation of any degree. 
Let a, B, y be the roots of the equation 


w+ 2" + p.e+p3,=0. 
We have, by Art. 23, 
Pi=-(at+PBr+y), 
Pr= aP+ay+ By, 
ps=-aB y. 
Multiplying the first of these equations by ja’, the second 
by a, and adding the three, we find 
pa + pra + ps 5 aa a’, 
or a® + pia” + pra + p3 = 0, 
which is the given cubic with a in the place of z. 
The student can take as an exercise to prove the same result 
in the case of an equation of the fourth degree. In the corre- 


sponding treatment of the general case the successive equations of 
Art. 23 are to be multiplied by a”", a”’, a”, &c., and added. 

Although the equations (2) afford, as we have just seen, no 
assistance in the general solution of the equation, they are often 
of use in facilitating the solution of numerical equations when 
any particular relations among the roots are known to exist. 
They may also be employed to establish the relations which 
must obtain among the coefficients of algebraical equations cor- 
responding to known relations among the roots. 
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EXAMPLES. 
1. Solve the equation 
— 5x? — 167+ 80 =0, 


the sum of two of its roots being equal to nothing. 
Let the roots be a, 8, y. We have then 
a+Bt+y= 45, 
aB +ay + By =—16 
aBy =—80. 
Taking 8 +7~y=0, we have, from the first of these, a=5; and from either the 
second or third we obtain By =—16. We find for B and y the values 4 and—4. Thus 


the three,roots are 5, 4, — 4. 


2. Solve the equation 
— 3477+4=0, 


two of its roots being equal. 
Let the three roots be a, a, 8B. We have 


'2a+ B=3, 
a? + 2aB= 0, 


from which we find a=2, and B=—1. The roots are 2, 2, —1. 
3. The equation 
xt + 443 — 2a? -127+9=0 


has two pairs of equal roots ; find them. 
Let the roots be a, a, 8, 8; we have, therefore, 


2a+ 28 =—4, 
2 4B +4aB =—2, 


from which{we obtain for a and B the values 1 and —3. 
4. Solve the equation 
— 9x? + 14% +424=0, 


two of whose roots are in the ratio of 3 to 2. 


Let the roots be a, B, y, with the relation 2a=38. By elimination of a we 
easily obtain 
5B + 2y =18, 


3p? + 5By = 28, 
from which we have the following quadratic for B :— 


198? —908 + 56=0. 


i 


i 
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The roots of this are 4, and = ; the former gives for a and y the values 6 and 
—1. The three roots are 6,4,-1. The student will here ask what is the signi- 
ficance of the value = of 8; and the same difficulty may have presented itself in 


the previous examples. It will be observed that in examples of this nature we 
never require all the relations between the roots and coefficients in order to deter- 
‘mine the required unknown quantities. The reason of this is, that the given con- 
dition establishes one or more relations amongst the roots. Whenever the equations 
employed appear to furnish more than one system of values for the roots, the actual 
roots are easily determined by the condition that they must satisfy the equation (or 
equations) between the roots and coefficients which we have not made use of in 
determining them. Thus, in the present example, the value 8=4 gives a system 
satisfying the omitted equation 


aBy=—24; 


while the value 8 Pe gives a system not satisfying this equation, and is therefore 
to be rejected. 

5. Solve the equation ti 
23 — 9x? + 2382—15=0, 


os 


whose roots are in arithmetical progression. 
Let the roots bea—5, a, a+; we have at once 
3a= 9, 
.. 302 — 8% = 23, 
; a from which we obtain the three roots 1, 3, 5. 
4 6. Solve the equation 
e+ + 243 —- 212? — 227 4+40=0, 


whose roots are in arithmetical progression. 
Assume for the roots a—385, a—8, a+, a+38. 
Ans. —5,-2, 1, 4. 
7. Solve the equation 
2723 + 420% — 287 —8=0, 


whose roots are in geometric progression. 


Assume for the roots ap, a, rs From the third of the equations (2), Art. 23, we 


8 2 ; 
have a? = a7 8 A=5 Either of the remaining two equations gives a quadratic for p- 
2 -2 
Be Ans. — 2, 3 ax 
8. Solve the equation \ 


3a* — 40x + 180z? — 1207 +27 = 0, 
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whose roots are in geometric progression. 
Assume for the roots 5, bat ap, ap®. Employ the second and fourth of the equa- 
p> p 
i 


tions (2), Art. 23. Ans. re 1, 3.8 
9. Solve the equation 
x + 1543+ 7027+ 1202+ 64=0, 
whose roots are in geometric progression. Ans. —1, —2, -4, -8. 
10. Solve the equation 
623 — 1la?+6x-—1=0, 
whose roots are in harmonic progression. 
Take the roots to be a, 8B, y. We have here the relation a 
es ae | 
a y B’ | 
hence : 
By +ya+t aB =3ya; &e. 
1 
he ry 
11. Solve the equation 
8125 — 182? - 364 +8=0, 
whose roots are in harmonic progression. 
2 2 
Ans 9? 3 ste 3° 
. 12. If the roots of the equation 
. : 
x? — px? + qx—r=0 
be in harmonic progression, show that the mean root is och 
”q 
13. The equation 


at —203 +42? 4+ 67—-—21=0 


has two roots equal in magnitude and opposite in sign; determine all the roots. 
Take a+ 8=0, and employ the first and third of equations (2), Art. 23. 


Ans. 6/8, =i 3, 146/ =6. 


3a* — 2543 + 50%? — 50%+12=0 


14. The equation 


has two roots whose product is 2; find all the roots. 
Ans. 6, = 1447 <2 
15. One of the roots of the cubic 


x — pu? +qu—r=0 


is double another ; show that it may be found from a quadratic equation. 
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16. Show that all the roots of the equation 
P+ perl pom +... + pnt t+ pn=0 


can be obtained when they are in arithmetical progression. 
Let the roots be a, a+8, a+25,....a+(m—1)8. The first of equations (2) 
gives 
—py=nat{14+24+3+....+(n—1)}8 


ve Ds. (1) 


Again, since the sum of the squares of any number of quantities is equal to the 
square of their sum, minus twice the sum of their products in pairs, we have the 
equation 

pi? — 2pz=a? + (at 8)? +(a+28)? +... 
(n —1) (2n—1) 
6 


= na +n(n—1) ad £e Y. (2) 
Subtracting the square of (1) from times the equation (2), we find 8? in terms 
of p, and pe. We can then find a from equation (1). Thus all the roots can be 
expressed in terms of the coefficients y; and po. 
17. Find the condition which must be satisfied by the coefficients of the equa- 
tion 
23 — px? +qu—r=0, 


when two of its roots a, 8 are connected by a relation a+f6=0. 


Ans. pg—r=0. 
18. Find the condition that the cubic 
xv? — px? + gqu—r=0 
should have its roots in geometric progression. Ans. p?r—g=0. 
19. Find the condition that the same cubic should have its roots in harmonic 
progression (see Ex. 12). Ans. 277? ~9pgqr+2q3 =0. 


20. Find the condition that the equation 
vt+pe+ gu?+re+s=0 
should have two roots connected by the relation a+8=0; and determine in that 
case two quadratic equations which shall have for roots (1) a, 8; and (2) , 5. 
Ans. por—p*s—r?=0, (1) pe*+r=0, (2) 2 + pa me. 


21. Find the condition that the biquadratic of Ex. 20 should have its roots con- 
nected by the relation B+y=a+6. . Ans. p® —4pq + 8r=0. 
22. Find the condition that the roots a, B, y, 5 of 


x*+ pur + gu?+re+s=0 


should be connected by the relation a8 = yd. Ans. p*s—r*=0. 
23. Show that the condition obtained in Ex. 22 is satisfied when the roots of 
the biquadratic are in geometric progression. 
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25. Depression of an Equation when a relation 
exists between two of its Roots.—The examples given 
in the preceding Article illustrate the use of the equations con- 
necting the roots and coefficients in determining the roots in 
particular cases when known relations exist among them. We 
shall now show in general, that if a relation of the form 3 = 9 (a) 
exist between two of the roots of an equation f(a) =0, the equation 
may be depressed two dimensions. 

Let (x) be substituted for 2 in the identity 


J (@) = Ax” + an Bara a Any 


then /(¢(x)) =a ys Ay (f(a) P14 2... + On id(%) +O. 


We represent, for convenience, the second member of this 
identity by F(x). Substituting a for v, we have | 


Fla) =f(¢(a)) =S(B) = 0; 


hence a satisfies the equation F'(x)=0, and it also satisfies the 
equation /(7)=0; hence the polynomials /(v) and F(x) have a 
common measure v—a; thus a can be determined, and from it 
¢(a) or 8, and the given equation can be depressed two dimen- 
sions. 


EXAMPLES. 
1. The equation 
x? — 5a? —4244+20=0 


has two roots whose difference =3: find them. 

Here 8—a=3, B=3-+a; substitute +3 for x in the given polynomial f(z) ; 
it becomes #° + 42” — 7x—10; the common measure of this and f{z) is —2; from 
which a=2, B=5; the third root is — 2. 

2. The equation 

xt —545 + 1la? —138%4+6=0 
has two roots connected by the relation 28+ 8a=7: find all the roots. 
AM: 4; 3 Dee -E 


It may be observed here, that when two polynomials /(z) 
and F(z) have common factors, these factors may be obtained 
by the ordinary process of finding the common measure. Thus, 


Be 26) 


‘ 
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:: if we know that two given equations have common roots, we 
_ ean obtain these roots by equating to zero the greatest common 
- measure of the given polynomials. 


EXAMPLES, 
1. The equations 
203+ 52?- 6r— 9=0, 
343 + 7x? —1lz—-15=0 
have two common roots : find them. Ans. —-1, —8. 
2. The equations 
+p? +qe +r =0, 
B+ p'e?+q'e+r'=0 
" have two common roots: find the quadratic whose roots are these two, and find also 
_ the third root of each. 
4 q-a ,t-_y —re-v) -r(p-2) 


Ans. a+ 70+ ;=0, —, : 
boa TERS dee! ee oad 


26. The Cube Roots of Unity.— Equations of the 


forms 
a®-1=0, #+1=0, 


consisting of the highest and absolute terms only, are called 
binomial equations. The roots of the former are called the n n‘” 
_ roots of unity. A general discussion of these forms will be given 
_ in a subsequent Chapter. We confine ourselves at present to 
_ the simple case of the binomial cubic, for which certain useful 
properties of the roots can be easily established. It has been 
_ already shown (see Ex. 5, Art. 16), that the roots of the cubic 


#-1=0 
are 43 2 =, sae a, 


If either of the imaginary roots be represented by w, the 

_ other is easily seen to be w”, by actually squaring ; or we may 
see the same thing as follows :—If w bea root of the cubic, w” 
must also be a root; for, since w*=1, we get, by squaring, 
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w= 1, or (w’)?=1, thus showing that w® satisfies the cubic 
a—1=0. We have then the identity 


a —1=(¢-1)(e¢-w) (e-o’). 
Changing x into — x, we get the following identity also :— 
w+1l=(¢+1)(47+w)(¢+"), 
which furnishes the roots of 
e+1=0. 
Whenever in any product of quantities involving the imagi- 


nary cube roots of unity any power higher than the second 


presents itself, it can be replaced by w, or w’*, or by unity ; for 
example, 


‘=a. o=W, WH o.e' =, oo =e’. a =1, ae. 


The first or second of equations (2), Art. 23, gives the fol- | 
lowing property of the imaginary cube roots :— 


l+wtw’=0. 


By the aid of this equation any expression involving real 


quantities and the imaginary cube roots can be written in either ~ 
of the forms P+ wQ, P+ w’Q. 


EXAMPLES. 
1. Show that the product 


(wm + w*n) (w*m + wn) 
is rational. 


Ans. m—mn+n?. 
2. Prove the following identities :— 


m5 + n> = (m +n) (wm + wn) (w?m + wn), 
m3 — n> = (m—n) (wm — wn) (wm — wn). 
3. Show that the product 


: (a + wB + wy) (a+ w*B + wy) 
is rational. 


Ans. a? + B2+ +" — By—ya- a8. 
4. Prove the identity 


(a+ B+) (a+@B + wy) (a+ w?B + wy) = a? + B® +73 — 8aBy. 
5. Prove the identity 


(a+ wB + wy)? + (a+ w°B + wy)? = (2a — B— y) (2B — y— a) (2y-a— 8). 
Apply Ex. 2. 
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6. Prove the identity 
(2+ 0B + 0%y)®— (a+ 098 + wy)? =— 3/3 (8 7)(y—2) (a8). 


Apply Ex. 2, and substitute for w — w? its value \/— 3. 
7. Prove the identity 


a3 + B+ %'3—3a'p'y’ = (a3 + 62+ 73— 3aBy)’, 
where 
a=a?+2By, B’=PR?+2ya, 7 =y?4+ 208. 
8. Form the equation whose roots are 
m+n, wm+wn, wm+on. 


Ans, «> — 3mnx — (m+n) =0. 
9. Form the equation whose roots are 


l+m+n, l+om+o*n, 1+a?m+on. 
Ans. «° —3lx*? +3 (2 — mn) « — (2+ m3 + n3 — 3lmn) =0. 
It is important to observe that corresponding to the n n‘” 


roots of unity there are n n™ roots of any quantity. The roots 
of the equation 
a” —a=0 

are the n n roots of a. 

The three cube roots, for example, of a are 

Va, w/a, wd, 

where,/a represents the real cube root according to the ordinary 
arithmetical interpretation. Each of these values satisfies the 
cubic equation 2-a=0. It is to be observed that the three 
cube roots may be obtained by multiplying any one of the three 
above written by 1, w, w’.. 

In addition, therefore, to the real cube root there are two 
imaginary cube roots obtained by multiplying the real cube 
root by the imaginary cube roots of unity. Thus, besides the 


ordinary cube root 3, the number 27 has the two imaginary 
cube roots 


Oe ee 
Brave) 2°58, 


h 
as the student can easily verify by actual cubing. 


10. Form a rational equation which shall have 


0 O4VG4 P+ 0 Q-VGrP 


for a root ; where #3 =1. 
Compare Ex. 8. Ans. #°+3Px—-2Q=0. 
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11. Form an equation with rational coefficients which shall have 


04/7 P+ 024/ Q 
for a root, where @;°>=1, and 6.3=1. 
Cubing both sides of the equation 


2=0,4/ P+ 024/ Q, 
and substituting x for its value on the right-hand side, we get 
23 — P— Q= 36 024/PQ.«. 
Cubing again, we have 
(#8 — P— Q)?= 27 PQz’. 


Since 6; and @2 may each have any one of the values 1, w, w”, the nine roots of 
this equation are 


Ye. YG of Fie Gs POS 

w/P+0/Q, w/P+ VQ wofP+ SQ, 

wf P+ wr Q, V P+ af Q, VP + 0rfQ. 
We see also that, since 6: and @2 have disappeared from the final equation, it is 


indifferent which of these nine roots is assumed equal to ~ in the first instance. The 
resulting equation is that which would have been obtained by multiplying together 


the nine factors of the form z —*/P—¥X/ Q obtained from the nine roots above 
written. 

12. Form separately the three cubic equations whose roots are the groups in 
three (written in vertical columns in Ex. 11) of the roots of the equation of the pre- 
ceding example. 


We can write these down from Ex. 8, taking first m and n equal to 4/P, / Q; 
then equal to VP , X/ Q; and finally equal to w?4/ P, w? X/ Q. 
Ans. «— 34/PQx—-P- Q=0, 
x? ~30?s/PQ2—P-—Q=0, 
2? —30 4/PQ«-P-Q=0. 


27. Symmetric Functions of the Roots.—Symmetric 
functions of the roots of an equation are those functions in 
which all the roots are alike involved, so that the expression is 
unaltered in value when any two of the roots are interchanged. 
For example, the functions of the roots (the sum, the sum of the 
products in pairs, &c.) with which we were concerned in Art. 23 
are of this nature ; for, as the student will readily perceive, if 
in any of these expressions the root a, let us say, be written in 


27 | | 
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every place where a, occurs, and a, in every place where a, 
occurs, the value of the expression will be unchanged. 

The functions discussed in Art. 23 are the simplest sym- 
metric functions of the roots, each root entering in the first 
degree only in any term of any one of them. 

We can, without knowing the values of the roots separately 
in terms of the coefficients, obtain by means of the equations (2) 
of Art. 23 the values in terms of the coefficients of an infinite 
variety of symmetric functions of the roots. It will be shown 
in a subsequent Chapter, when the discussion of this subject is 
resumed, that any rational symmetric function whatever of 
the roots can be so expressed. The examples appended to this 
Article, most of which have reference to the simple cases of 
the cubic and biquadratic, are sufficient for the present to illus- 
trate the usual elementary methods of obtaining such expres- 
sions in terms of the coefficients. 

It is usual to represent a symmetric function by the Greek 
letter = attached to one term of it, from which the entire ex- 
pression may be written down. Thus, if a, 3, y be the roots of 
a cubic, a’s’ represents the symmetric function 


a’ (3° ms a’y* + [3° ' 


where all possible products in pairs are taken, and each term 
separately squared. Again, in the same case, 2a’ represents 


a’ B+a’y + y+ Patyaty’ Pp, 
where all possible permutations of the roots two by two are 
taken, and the first root in each term then squared. 


As an illustration in the case of a biquadratic we take a’ 3’, 
whose expanded form is as follows :— 


a’ 3” + a’? + ao + Gy? "+ Bee me yo. 


By the aid of the various symmetric functions which occur 
among the following examples the student will acquire a facility 
in writing out in all similar cases the entire expression when 
the typical term is given. 


48 Roots and Coefficients of Equations. 


EXAMPLES. 


1. Find the value of S028 of the roots of the cubic equation 
e+ per+qutr=0. | 
Multiplying together the equations | 
at+B+y=-PD, 
By+yataB= 4, 
we obtain Sa?B+ 3aBy =—pq; 
hence Sa?B = 3r — pg. 
2. Find for the same cubic the value of 
a + BP + 7". Ans. Sa? = p? — 2¢. 
3. Find for the same cubic the value of 
a + B+ . 
Multiplying the values of Sa and 3a”, we obtain 
a? + BF + 7 + Sa2B = — p> + 2pq; 
hence, by Ex. 1, 
Sai = — p> + 8g - 37. 
4, Find for the same cubic the value of 


B2y? + a2 + ap. 
We easily obtain 


B’y? + ya? + a? B? + 2aBy(a+ B+ 7) =9’, 
from which Sa? PB? = q? — Qpr. 
5. Find for the same cubic the value of 
ve is equal to Beko nk ae Rs 
2aBy + Sa°p. Ans. * — pq- 
6. Find the value of the symmetric function 
a® By + a? Bd + a® 75 + Bray + Bad + Bd 
+ yaB + y2ad + y? B85 + 87a8 + Pay + F Py 
of the roots of the biquadratic equation 


w+ pa + qu*+ra+s=0. 


Multiplying together 
a+B+y+d=-p, 


aBy + aBd + ayi + Byi =—7, 
we obtain Sa By + 4aByd = pr; 


hence Sa’ By = pr —4s. 
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7. Find for the same biquadratic the value of the symmetric function 
a? + B® + 7? + 8. 
Squaring a, we easily obtain 
Sa? = p* — 29. 
8. Find for the same biquadratic the value of the symmetric function 
a? B?-+ a2? + a2 8% + B24? + 6232+ 7282. 


\ Squaring the equation 
2aB = 9, 


Sa? B? + 23a? By + 6aByd = 9? ; 


we obtain 


hence, by Ex. 6, 
Sa? B* = g? — 2pr + 2s. 


9. Find for the same biquadratic the value of Sa*B. 

To form this symmetric function, we take the two permutations a8 and Ba of 
the letters a, 8; these give two terms a®8 and f*a of =. We have similarly two 
terms from every other pair of the letters a, 8, y, 5; so that the symmetric func- 
tion consists of 12 terms in all. 

Multiply together the two equations 

ZaB=9, a= p?—29; 
and observe that 
Sa? SaB = Sa? B+ Sa? By. 

[It is convenient to remark here, that results of the kind expressed by this last 
equation can be verified by the consideration that the number of terms in both 
members of the equation must be the same. Thus, in the present instance, since 
Sa? contains 4 terms, and Sa8 6 terms, their product must contain 24; and these 
are in fact the 12'terms which form 3a°8, together with the 12 which form 3a’By.] 

Using the results of previous examples, we have, therefore, 


Sa°B = p?¢ —2g*—pr+4s. 
10. Find for the same biquadratic the value of 
se at + Bt + 4+ dF. 
Squaring =a”, and employing results already obtained, 
Sat = pt —4p2¢ + 29? + 4pr —4s. 


11. Find the value, in terms of the coefficiénts, of the sum of the squares of the 
roots of the equation 
° Lh + part pogm? +... + pn=0. 
Squaring Sai, we easily find 
pv = Sa? + 25a a ; 
hence 
Sa” = pi? — 2p2. 
12. Find the value, in terms of the coefficients, of the sum of the reciprocals of 
the roots of the equation in the preceding example. 


K 
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From the second last, and last of the equations of Art. 23, we have 


G20s-e eS Gn tlds... Ont. + +e tG1GR.--.. Gn-1= (- 1)*"!py-1, 
ALA2AZ~+-- an = (— 1)"Pn 3 


dividing the former by the latter, we have 


een Hames | 1 —- 
oe ee 
Qi. 02 as Pn 
or 
PL a 
a) Pn 


In a similar manner the sum of the products in pairs, in threes, &c. of the 
reciprocals of the roots can be found by dividing the 3rd last, or 4th last, &c. coef- 
ficient by the last. 

13. Find for the cubic equation 


aox? + 8a, 2? + 8ag%+a3=0 


the value, in terms of the coefficients, of the following symmetric function of the 


roots a, B, y:— 
(B—y)? + (y—a)?+(a— 8B)’. 


N.B.—It will often be found convenient to write, as in the present example, an 
equation with dinomial coefficients, that is, numerical coefficients the same as those 
which occur in the expansion by the binomial theorem, in addition to the literal 
coefficients a, a1, &c. Here the equation being of the third degree, the successive 
numerical coefficients are those which occur in the expansion to the third power, 
‘is. 1, 3, 3, I. 

We easily obtain 

ao { (By)? + (y — a)? + (a— B)?} = 18 (ay? — ag az). 


14, Express in terms of the coefficients of the cubic in the preceding example the 
successive coefficients of the quadratic 


(t— a)? (B —y)’ + (— B)? (y—a)? + (e— 7)? (a8)? =0, 


where a, B, y are the roots of the cubic. 
Here, in addition to the symmetric function of the preceding example, we have 
te calculate also the two following :— 


a (B—¥)?+B (y—a)? +7 (a—- 8), 
a (B — )? +B’ (y— a)? + y?(a— B)?. 
° Ans. (a9a2— 4a") 4? + (a0.a3 — a1 a2) & + (a1. a3 — a2”) = 0. 
15. Find for the cubic of example 13 the value in terms of the coefficients of 
(2a — B — y) (28— y—a) (2y—a—B). 
Since 2a B—7=3a-(at B+7) = Sat 


Se ere Reg ete eae 
Se ee nae 


——_———-—-—-—_—_—_—_—— 


a a a ee 


eft 
Examples. a1 


the required value is easily obtained by substituting -< for x in the identity 
0 


ax? + 3a, x" + 8a2%+ a3 = a0(% — a) (%@ — B) (wy). 
Ans. a (2a— B — y) (2B —y — 4) (2y — a—B) =— 27 (a0? 43 — 8a9 a1 a2 + 20°). 
16. Find, in terms of the coefficients of the biquadratic equation 
ay xt + 4a, 4° - 6agu* + 4a3¢ + a,=0, 


the value of the following symmetric function of the roots :— 
(8 — 7)? (a— 8)? + (y—a@)? (B—3)? + (a — B)? (y— 8)’. 


Here the equation is written with numerical coefficients corresponding to the 
expansion of the binomial to the 4th power. The symmetric function in question 
is easily seen to be identical with 


23a B* — 230? By +12aBy6. 
Employing the results of examples 6 and 8, we find 
ag? { (8 — 7)? (a — 8)? + (y — a)? (B— 8)? + (a — B)? (y — 8)? } = 24 (aoas — 40143 + 3a"). 


ts 17. Taking the six products in pairs of the four roots of the equation of Ex. 16, 
Bs and adding each product, e.g. a8, to that which contains the remaining two roots, 
: v5, we have the three sums in pairs 


By + a3, ya+ BS, aB+ 78; 


it is required to find the values in terms of the coefficients of, the two following 
symmetric functions of the roots :— 


(ya+ 85) (a8 + 5) + (a8 + 8) (By + ad) + (By + a8) (ya + Bd), 
(By + ad) (ya + BS) (aB + 78). 


The former of these is the sum of the products in pairs, and the latter the con- 
tinued product, of the three expressions above given. As these three functions of 
the roots are important in the theory of the biquadratic, we'shall represent them 
uniformly by the letters A, u, v. We have, therefore, to find expressions in terms 
of the coefficients for uy +vA+Am, and Apu. 

The former is Sa”, and is easily expressed as follows (cf. Ex. 6) :— 


ao” Suv = 4 (401 a3 — ao a4) A 


The latter is, when multiplied out, equal to 


re aad 


ee ea Ae | 
wy oP + B+? +89) + 02 Bd? (= at Rt . > z) 


and we obtain after easy calculations the following :— 


ay? Ap = 8 (2a a3” — 3a a2a4 + Qa,” a4). 


E2 
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18. Find, in terms of the coefficients of the biquadratic of Ex. 16, the value of 
the following symmetric function of the roots :— 


{(y—- a) (8 —8) —(a—B)(y—8)} {(a—B) (y —8) —(B— 7) (2-8) } 
{(8—)(a—8) — (y—«)(8—8)}. 
This is also an important symmetric function in the theory of the biquadratic. 
To prevent any ambiguity in writing this, or corresponding functions in which the 
differences of the roots of the biquadratic enter, we explain the notation which will 
be uniformly employed in this work. 
Taking in circular order the three roots a, B, y, we have the three differences 


B-—y, y—«a, a—B; and subtracting 5 from each root in turn, we have the three 
other differences a—5, B—5, y—5. We combine these in pairs as follows :— 


(B—y)(a—8), (y—a)(8—8), (a—B) (y—8). 


The symmetric function in question is the product of the differences of these 
three taken as usual in circular order. 
Employing the values of A, uw, in the preceding example, we have 


—p+v=(B—7)(a-3), —v+A=(y-a)(B—3), —A+m=(a—8)(y—-9)- 
We have, therefore, to find the value of 
(2A —p—v)(2u—v—A)(2v—-A—y), 
(8A — ZaB) (34 — SaB)(3v — a8), 


in terms of the coefficients of the biquadratic. 
Multiplying this out, substituting the value of Saf, and attending to the results 
of Ex. 17, we obtain the required expression as follows :— 


ay? (2A—p— v) (Qu— y— A) (2v —A —p)=- 432 { apazds+2a, a2. 03—a a3” — a" d4—a2°} x : 


The function of the coefficients here arrived at, as well as those before obtained 
in Examples 13, 15, and 16, will be found to be of great importance in the theory 
of the cubic and biquadratic equations. 

19. Find, in terms of the coefficients of the biquadratic of Ex. 16, the value of 
the symmetric function 


(a—B)* + (a— +)? + (a—8)?+ (B—-)? + (B —8)? + (y— 8). 


This may be represented briefly by 3 (a—8)?. 
Ans. a> (a ns s)*= 48 (ay? = M2). E 


20. Prove the following relation between the roots and coefficients of the biqua- 
dratic of Ex. 16 :— 


ae? (B+ —a—8)(y+a—B-8) (a+ B—y—8) = 82 (ag? a3 — 8a9a1 a2 + 2a). 
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28. Theorems relating to Symmetric Functions.— 
The following two theorems, with which we close for the present 
the discussion of this subject, will be found useful in many in- 
stances in verifying the results of the calculation of symmetric 
functions. 

(1). Zhe sum of the exponents of all the roots in any term of any 
symmetric function of the roots is equal to the sum of the suffixes in 
each term of the corresponding value in terms of the coefficients. 
The sum here spoken of, which is of course the same for every 
term of the symmetric function, and which may be called the 
degree in all the roots of that function, will be subsequently 
defined (see Ch. XII.) as the weight of the symmetric function. 
The truth of the theorem will be observed in the particular cases 
of the examples 13, 15, 16, 17, &c. of the last Article; and that 
it must be true in general appears from the equations (2) of 
Art. 23, for the suffix of each coefficient in those equations is 
equal to the degree in the roots of the corresponding function of 
the roots; hence in any product of any powers of the coefficients 
the sum of the suffixes must be equal to the degree in all the 
roots of the corresponding function of the roots. 

(2). When an equation is written with binomial coefficients, the 
expression in terms of the coefficients for any symmetric function 
of the roots, which is a function of their differences only, is such that 
the algebraic sum of the numerical factors of all the terms in tt is 
equal to zero. ‘The truth of this proposition appears by suppos- 
ing all the coefficients a, a, a, &c. to become equal to unity in 
the general equation written with binomial coefficients, viz., 


> . = ae Pca ce Og. 0; 

The equation then becomes (x + 1)"=0, i.e. all the roots be- 
come equal; hence any function of the differences of the roots 
must in that case vanish, and therefore also the function of the 
coefficients which is equal to it; but this consists of the alge- 
braic sum of the numerical factors when in it all the coefficients 
QM di, dr, &C. are made equal to unity. InjExs. 13, 15, 16, 18, 
20 of Art. 27 we have instances of this theorem. 


Apt” + naa + 


54 Roots and Coefficients of Equations. 


EXAMPLES. 


1, Find in terms of p, g, r the value of the symmetric function 


2 2 2 2 Sk 2 
rte 2 pal tt 
By ya aB 


where a, 8, are the roots of the cubic equation 


w+ pxe?+q¢+r=0. 
Ans. i OS 
r 


2. Find for the same equation the value of 


(B+y—a)>+(y+a—B)>+ (a+ B—y)>. 
Ans. 24r — p>. 


3. Calculate the value of 3a? B? of the roots of the same equation. 
Here 3aB 3a? B? = Sa B® + aBySa2B; hence &c. 
Ans. g? — 3pqr+3r°. 
4. Find for the same equation the value of the symmetric function 
(83 — ¥)? + (73 — a3)? + (a3 — B9)2. 
a§ is easily obtained by squaring Za? (see Ex. 3, Art 27). 
Ans. 2p —12pt¢ + 12 p3 x + 18 p29? — 18pgr— 69°. 
5. Find for the same equation the value of 


B+y Pte a2 + B2 
B+y yta at+B° 


2p? q —4pr— 29? 


Ans. . 
r—~- pq 
6. Find for the same equation the value of 
a+By B+ya 7*+a8 
B+y yY+a a+B- ? ~v 
a. 2 2 ; 
pe Spat ‘alles 
r= pq 


7. Find for the same equation the value of 


2By--a? 27a - PB? 4 2aB—+* ; 
Bt+y-a yta-B at+B-y 
pt— 2p? 9+ 14 pr —8¢? 


Ans. ion cg Be 


24|- 


Examples. sts) 


8. Find the value of the symmetric function = (=) "for the same cubic 
a 


equation. 
3p? q? —4p3r — 493 —2 par — Or? 


Ans. 
(7 — pq)? 


9. Calculate in terms of p, ¢g, 7, s the value of 5 5 for the equation 
vi +pa3+ qe?+re+s=0. 


1 1 
Here Saf a and Maz-=4+3-. 
a B Y a B 


pies gr? — 29s — prs + 4s? 


s? 


10. Find the value of = a of the roots of the equation 


24 214 yg 4 og + 1 e+ pn=0. 
ye Pn Pn Pi Pn? 1+ 21 Pn-2Pn 


Dn2 
11. Find for the biquadratic of Ex. 9 the value of 
(By — a8) (ya — 88) (a8 — 78). 
Compare Ex. 22, Art. 24. Ans. r* — ps. 


12. Find the value of (aa +41)? (8—-+)? in terms of the coefficients of the 


cubic equation 
aon? + 38a,2%? + 8agx4+a3=0. 


18 
Ans. — (a a2 —4@)?)?. 
ao” ; 
a1? + a2” 


On, 2 


13. Find the value ‘of the symmetric function = of the roots of the 


equation 
a" + py er-l + oer? oo. + ni t+pn=0. 


The given function may be written in the form 


1 1 
foto. +ot-4 
a1 2 an 
1 
ton {—4+— + +a }-1 
a2 
ME otto aaa eis 
| ee? 1 
tan | + — ap hE 
G1 a2 An 


1 
or 3a, > ——™m; hence &c. 
ay 


14. Clear of radicals the equation 


x Sf t—a+/ft— pr tft-~=0; 
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and express the coefficients of the resulting equation in ¢ in terms of the coefficients 
of the cubic of Ex. 1. 


Ans. 3t2—2(p?—29)t—pt+4p?q—8pr=0. 
15. If a, B, y, 5 be the roots of the biquadratic of Ex. 9, prove 
(a? + 1) (6? +1) (y? +1) (8 +1) =(1—-¢+8)?+ (p—7)?. 


Substitute in turn each of the roots of the equation z? + 1=0 in the identity of | 
Art. 16, and multiply. a 

16. Prove the following relation between the roots and coefficients of the general 
equation of the n‘* degree :— 


(a1? +1) (a2? +1)... . (an? +1) =(l—pot+tpa—...)?+(pi-—pst-.-.)?. 
17. Find the numerical value of 2 
(a2 +2) (8? + 2) (y? +2) (82+ 2), 

where a, B, y, 5 are the roots of the equation 
z*— 72° +82?-5244+10=0. 


Substitute in turn for x each root of the equation 2? + 2= 0, and multiply. 
Ans. 166. 
18. If a, B, y, 5 be the roots of the equation 


ayt* +44, 2° 4 6ac2?+4a34+a,=0, 
prove 


ao>(B +7) (y + a) (a+ 8B) (a+8) (8+) (y +8) =16 {6 a1 4203 — aoas” — ay? a4}. 
The symmetric function in question is equal to (u+yv)(v+A)(A+m), or SA Suv 
—Auv, where A, pw, v have the values of Ex. 17, Art. 27. 
19. Calculate the value of the symmetric function = (a — )* of the roots of the 
biquadratic equation of Ex. 9. 
Ans. 3p*—16p*q¢ 4+ 2097+ 4pr —16s. 
20. Show that when the biquadratic is written with binomial coefficients, as in 


Ex. 18, the value of the symmetric function of the preceding example may be ex- 
pressed in the following form :— 


ao* (a _ B)* =o10 {48 (a az — a,”)* — ag” (0 4 —4a,a3+ 3a”) }. 


21. The distances on a right line of two pairs of points from a fixed origin are 
the roots (a, 8) and (a’, 6’) of the two quadratic equations 


ax*+2be+ce=0, ax? +20'x+c'=0; 


prove that when one pair of the points are the harmonic conjugates of the other pair, 
the following relation exists :— 


ac’ + a’e—2b0'=0. 


22. The distances of three points 4, B, C on a right line from a fixed origin 0 
on the line are the roots of the equation 


ax? + 3ba? 4 38cex+d=0; 
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find the condition that one of the points 4, B, C should bisect the distance between 
the other two. 

Compare Ex. 15, Art. 27. Ans. a?d—3abe+ 2% =0. 

23. Retaining the notation of the preceding question, find the condition that the 
four points 0, A, B, C should form a harmonic division. 

Ans. ad*—3bed+2e=Q. 

This can be derived from the result of Ex. 22 by changing the roots into their 
reciprocals, or it can be easily calculated independently. 

24. If the roots (a, B, y, 5) of the equation 


aut +4be3 + 6cex?+4de+e=0 


are so related that a—5, 8 —5, y —6 are in harmonic progression, prove the relation 


among the coefficients 
ace + 2bed —ad* —-Be—=0. 


Compare Ex. 18, Art. 27. 
25. Form the equation whose roots are 


_ Byt+oyat w* aB By +w* ya 4+ waB 
atwB+ory ’ atw*B+oy ’ 


where w* = 1, and a, B, y are the roots of the cubic 


aw + 3b42+3cx+d=0. 
Ans. (ace — b*) # + (ad— be) x + (bd — 0c?) =0. 
Compare Exs. 13 and 14, Art. 27. 
26. Express 
(2 By — ya — a8) (2-ya — aB — By) (248 — By — ya) 
as the sum of two cubes. 


Ans. (By +wya+w*aB)>+ (By + w* ya + wa). 
Compare Ex. 5, Art 26. 


27. Express 
(@t+y+z)34+ (e+ wy + wz) + (2+ wy + wz)3 
in terms of 2° + y° + 23 and xyz, where w= 1. 
Ans. 3(a+y3 + 23) + 18 xyz. 
28. If ) 
(a3 + y? + 3 — 3ayz) (e3+y'3+4+23—32' y’ 2’) =X384V34273-3 XYZ, 
find X, Y, Zin terms of «, y, z; a’, y’, 2’. ~ 
Apply Example 4, Art. 26. 
Ans. X=au'+yy' +22, Y=ay'+ye +e’, Z=2e'+yr' +2’. 
29. Resolve 
(a+B +)? aBy — (By + ya+ aB)§ 
into three factors, each of the second degree in a, B, y- 


Ans. (a? — By) (8? — ya) (y* — a8). 
Compare Ex. 18, Art. 24. 
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30. Resolve into simple factors each of the following expressions :— 
(1). (8-7)? (B+7—2a) + (y— a)? (y+a—28) + (a—B)? (a+B—2y). 
(2). (B—y) (B+ y—2a)?+(y—-a)(y+a—28)?+ (a—B) (a+ 8-27)’. 
Ans. (1). (2a—B—+y)(2B—y - a) (2y—-a—B). 
(2). — 9 (B—¥) (y—a) (a-8). 
31. Find the condition that the cubic equation 
2 — px*+qu—r=0 
should have a pair of roots of the form a+a@4/—1; and show how to determine 
the roots in that case. 


If the real root is 4, we easily find, by forming the sum of the squares of the 
roots, py?» —2q=6?. The required condition is 


(py? — 29) (9? — 2pr) — 7? =0. 
32. Solve the equation 
v—Tx? +20x%—24=0, 
whose roots are of the form indicated in Ex. 31. 
Ans. Roots 8, and2+2,/-1. 
33. Find the conditions that the biquadratic equation 


at — px>+ qx? -—rx+s=0 


should have roots of the form a + a,/—1, 6+5\/—1. Here there must be two 
conditions among the coefficients, as there are only two independent quantities 
involved in the roots. | 
Ans. p*-2q=0; r*-2qs=0. 
34. Solve the biquadratic 


a4 +4234 822 —1207+900=0, 


whose roots are of the form in Ex. 33. 2 
Ans. 84.3°-/-1, -646<f- 2 


35. If a+ B»/—1 be a root of the equation 
e+ge+r=0, 
prove that 2a will be a root of the equation 
e+ ge—r=0. 
36. Find the condition that the cubic equation 
2+ px?+qu+r=0 
should have two roots a, 8 connected by the relation a8 + 1=0. 
Ans. 1+q+pr+r?=0. 


oe ge 
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37. Find the condition that the biquadratic 
z4+p23+ qe? +rx+s=0 


should have two roots connected by the relation «8 +1=0. 
The condition arranged according to powers of s is 


l+qt+pr+7?+(p?+pr—2¢q-—1)8+(¢g—-1)8?+8=0. 
38. Find the value of 3 (a1 — a2)? a3a4.. . . an of the roots of the equation 
wht yam) + poem ?t 1... t+pn=0. 
This is readily reducible to Ex. 13. 
Ans. (-—1)"{piptni-—n* pn}. 
39. If the roots of the equation 
n(n —1) 


ajar + naan) + Se aque +. ...fa,=—0 


be in arithmetical progression, show that they can be obtained from the expression 


Lean (a1? — ao a2) 

n+1 
by giving to r all the values 1, 3, 5, ....%-—1, when » is even; and ali the values 
0, 2,4,6....m—1, when ” is odd. 

40. Representing the differences of three quantities a, 8, y by a1, Bi, v1, as 


follows :— 
ma=B-y, Bi=y-a yn=a-B; 
prove the relations 


a> + Bi? + y13 = 3018191, 
ait + Bit + it = 4 { a1? + Bi? + 717}, 
a> + Bid + y= 3 {ai? + Bi? + yi? } Bin. 
These results can be derived by taking a1, f1, yi to be roots of the equation 
e+qu—r=0 


(where the second term is absent since the sum of the roots=0), and calculating the 
symmetric functions 3a)°, Sai*, Sai° in terms of g andr. The process can be ex- 
tended to form Sa°, Sa:7, &c. The sums of the successive powers are, therefore, 
all capable of being expressed in terms of the prduuct a) 8171 and the sum of squares 
a1" + Bi? + 71”; the former being equal to 7, and the latter to — 2 (81 71+ 141+ «1 81), 
or—2¢. These sums can be calculated readily as follows :—By means of z*=r— 92, 
and the equations derived from this by squaring, cubing, &c., and multiplying by 

_ wor x*, any power of x, say z?, can be brought by successive reductions to the form 
A+ Bu + Cxu*, where A, B, C are functions of g and 7. Substituting a1, 61, yi, and 
adding, we find Sa? = 34 —2¢C. The student can take as an exercise to prove in 
this way 3a,’ =79?r, Sai!! = 1lgr (g3—7?). 


CHAPTER IV. 


TRANSFORMATION OF EQUATIONS. 


29. Transformation of Equations.— We can in many — 4 
instances, without knowing the values of the roots of an equa- __ 
tion in terms of the coefficients, transform it by elementary sub- 
stitutions, or by the aid of the symmetric functions of the roots, 
into another equation whose roots shall have certain assigned 
relations to the roots of the proposed. A transformation of this 
nature often facilitates the discussion of the equation. We 
proceed to explain the most important elementary transforma- 
tions of equations. 

30. Roots with Signs changed. 
tion into another whose roots shall be equal to the roots of the 
given equation with contrary signs, let ai, a2, a3, ... an be the 
roots of the equation 


Cage 


xe” + pe") + pa + > Pat + pn =. 

We have then the identity 

2” + 2" + Doe +. + Py ® + Pn = (@— a1) (@— a2)... (@— an) 5 
changing w into — y, we have, whether x be even or odd, 

y" — pry” + poy” — ©. £Pnry F pn =(yt+ar)(yta:)...(y+an). 


The polynomial in y equated to zero is, therefore, an equation 
whose roots are - a, —a,...—ay,3; and to effect the required | 
transformation we have only to change the signs of every alternate 
term of the given equation beginning with the second. 


EXAMPLES. 
1. Find the equation whose roots are the roots of 
25+ 7x44 7a — 82? +44+1=0 
with their signs changed. Ans. #°—Tat+ 72 + 8a*4+u-1=0. 
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2. Change the signs of the roots of the equation 
a7 + 345+ 2-4? +77+2=0. 
[Supply the missing terms with zero coefficients. | 
Ans. 214+ 30°40 + a7 +7¢—-2=0. 


31. To Multiply the Roots by a Given Quantity. 
To transform an equation whose roots are a, a:, .. . a, into ano- 


ther whose roots are ma, ma, ... may, we change « into Z in 


the identity of the preceding Article. Multiplying by m”, we 
have 
y+ mpiy"" + m poy"? +... + pny tM Dn 
=(y — ma) (y— maz)... .(y — may). 
Hence, to multiply the roots of an equation by a given quan- 
tity m, we have only to multiply the successive coefficients, beginning 
with the second, by m, m*, m®,.. . m". 

The present transformation is useful for the purpose of re- 
moving the coefficient of the first term of an equation when it 
is not unity ; and generally for removing fractional coefficients 
from an equation. If there is a coefficient a of the first term, 
we form the equation whose roots are da, Gaz... dan; the 
transformed equation will be divisible by a, and after such divi- 
sion the coefficient of #” will be unity. 

When there are fractional coefficients, we can get rid of them 
by multiplying the roots by a quantity m which is the least 
common multiple of all the denominators of the fractions. In 
many cases multiplication by a quantity less than the least 
common multiple will be sufficient for this purpose, as will 
appear in the following examples :— 


EXAMPLES. 
1. Change the equation 


324 — 403442? -24+1=0 
into another the coefficient of whose highest term will be unity. 
We multiply the roots by 3. Ans. x4 — 423 41227-1844 27=0. 


2. Remove the fractional coefficients from the equation 
1 2 
—~—22+—7—-1=0. 
x 5% +52 1=0 


Multiply the roots by 6. Ans. «> —32* + 24% —-216=0. 
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3. Remove the fractional coefficients from the equation 


5 7 1 
pO - onoy an ——— = 
Fag 5% is “+ ios 0. 


By noting the factors which occur in the denominators of these fractions, we 
observe that a number much smaller than the least common multiple will suffice to 
remove the fractions. If the required multiplier is m, we write the transformed 


equation thus :— 
pee | ms 
a — ths ao? — 329 &+ a =Q; a 


it is evident that if m be taken = 6, each coefficient will become integral ; hence we 


have only to multiply the roots by 6. 
Ans. 2 —152?-1474+2=0. 


4. Remove the fractional coefficients from the equation 


gt + Ble 17 pee 
10 25 1000 — 


The student must be careful in examples of this kind to supply the missing 
terms with zero coefficients. The required multiplier is 10. 


Ans. 244302? 4+520%+770=0. 
5. Remove the fractional coefficients from the equation 


ee 13 
PERS a NDCaAy™ ganda 
HT a cle Nahe 


Ans. #* — 252° + 875 2?~—11700 =0. 


82. Reciprocal Roots and Reciprocal Equations.— 
To transform an equation into one whose roots are the reciprocals 


of the roots of the proposed equation, we change z into ; in the 


identity of Art. 30. This substitution gives, after certain easy 
reductions, 


f 
ft Boe Boe Pep 2e(y-2)(y-2)....(y-2) 
ae ae Y 7] ay a2 An 


n, Pn, ny, Pn m2 Pr 1 ( 1 ~)( =) ( 1 =) 
+—— + +. +—Y+— 3| Y-— ——}. | Yr — 
Y a pa” Dn Y Dn Y Y 


hence, if in the given equation we replace x by and multiply 


by y”, the resulting polynomial in y equated to zero will have 
for roots the reciprocals of a, az... . an. 
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There is a certain class of equations which remain unaltered 
when x is changed into its reciprocal. These are called reciprocal 
equations. The conditions which must obtain among the coef- 
ficients of an equation in order that it should be one of this class 
are, by what has been just proved, plainly the following :— 
= Pr = Pr &e., if = Pn-iy ta = Pn: 


Pn Pn me Dn Pn 


The last of these conditions gives p,”=1, orp,=+1. Reci- 
procal equations are divided into two classes, according as pz» is 
equal to + 1, or to — 1. 

(1). In the first case we have the relations 


Pn-i=Piy Pn-2 = Pr --- Pi=Pri5 


which give rise to the first class of reciprocal equations, in which 
the coefficients of the corresponding terms taken from the beginning 
and end are equal in magnitude and have the same signs. 

(2). In the second case, when p, =-—1, we have 


Dni=—DPiy Pn2=—Pr &C....M=—Pnar$ 


giving rise to the second class of reciprocal equations, in which cor- 
responding terms counting from the beginning and end are equal in 
magnitude but different in sign. It is to be observed that in this 
ease when the degree of the equation is even, say n= 2m, one of 
the conditions becomes pm =—Pm, OF Pm= 0; so that in reciprocal 
equations of the second class, whose degree is even, the middle 
term is absent. 


If a be a root of a reciprocal equation, must also be a root, 
a 


for it is a root of the transformed equation, and the transformed 
equation is identical with the proposed ; hence the roots of a 


reciprocal equation occur in pairs, a, ie B, La &e. When the 
a 


degree is odd there must be a root which is its own reciprocal ; 
and it is in fact obvious from the form of the equation that — 1, 
or + 1 is then a root, according as the equation is of the first or 
second of the above classes. In either case we can divide off by 
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the known factor (x +1 or e—1), and what is left is a reciprocal 
equation of even degree and of the first class. In equations of 
the second class of even degree 2 — 1 is a factor, since the equa- 
tion may be written in the form 


a” —-1+pia(a"*-1)+...=0. 


By dividing by z’-1, this also is reducible to a reciprocal 
equation of the first class of even degree. Hence all reciprocal 
equations may be reduced to those of the first class whose degree is 
even, and this may consequently be regarded as the standard form 
of reciprocal equations. 


EXAMPLeEs. 
1. Find the equation whose roots are the reciprocals of the roots of 
xv — 32° 4+ 72? 4+ 564—-2=0. 
Ans. 2yt— 5y3- Ty? + 38y—1=0. 
2. Reduce to a reciprocal equation of even degree and of first class 
22 22 


5 5 
6 bly Saami Val a ee ely 
DAL od q° ta Aad L=0, 


Ans. yoda eet 1 a0. 
33. To Increase or Diminish the Roots by a Given 
Quantity.—To effect this transformation we change the vari- 
able in the polynomial f(x) by the substitution x=y+h; the 
resulting equation in y will have roots each less or greater by h- 
than the given equation in ~, according as / is positive or nega- 
tive. The resulting equation is (see Art. 6) 


(A) +f yO yy, 2 -2.-=0. 


There is a mode of formation of this equation which for 
practical purposes is much more convenient than the direct cal- 
culation of the derived functions, and the substitution in them 
of the given quantity h. This we proceed to explain. Let the 
proposed equation be 3 


Aya” + aja bh aa" me Ee + An-1v An = 0 > 


ne, te a. OP een ie 
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and suppose the transformed polynomial in y to be 
Avy" + Ay") + Any"? +...+ Aniyt+ An; 
since y= x-—A, this is equivalent to 
A,(a—h)"+ Ai(a—h)'+...+Ani(e-—h)+ An, 


which must be identical with the given polynomial. We conclude 
that if the given polynomial be divided by «-/, the remainder 
is A,, and the quotient 


3 Ay(v—h) + A,(a—h)?? +... + Ane(w—h)+ Ani; 


if this again be divided by x— Ah, the remainder is 4,1, and the 


quotient 
A,(a—h)"? + Ai(w—h)">+...4+ Ane 


Proceeding in this way, we are able by a repetition of arith- 
metical operations, of the kind explained in Art. 8, to calculate 
in succession the several coefficients A,, A,»., &e., of the trans- 
formed equation ; the last, A,, being equal toa. It will appear 
in a subsequent Chapter that the best practical method of solv- 
ing numerical equations is only an extension of the process 
employed in the following examples. 


EXAMPLEs. 
1. Find the equation whose roots are the roots of 


x*— 5a + Ta? -17x+11=0, 


each diminished by 4. 
The calculation is best exhibited as follows :— 

] — 6 7 —17 11 

4 — 4 12 — 20 
oe 3 as = 

4 12 60 
3 15 ee 
4 28 
7 43 
4 


13g 
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Here the first division of the given polynomial by x — 4 gives the remainder 
— 9 (= A4), and the quotient 2° — a + 3x — 5 (cf. Art. 8). Dividing this again by 
x—4, we get the remainder 55 (= 43), and the quotient z*7+3x+4+15. Dividing 
again, we get the remainder 43 (= 42), and quotient x +7; and dividing this we get 
4A,=11, and 4)=1; hence the required transformed equation is 


y*+11ly? + 43y? + b5y —9=0. 
2. Find the equation whose roots are the roots of 


a +403 —42411=0, 
each diminished by 3. 


1 0 : oe 0 vee 
3 9 39 114 342 
3 13 38 114 353 
3 18 93 393 
6 31 131 507 
3 27 174 
9 58 805 
3 36 

12 94 
3 
15 


The transformed equation is, therefore, 
y> + 1by* +9443 + 8054? + 507y + 3538=0. 


3. Find the equation whose roots are the roots of 


4a° — 223+ 7¢-3=0, 
each increased by 2. 
The multiplier in this operation is, of course, — 2. 


Ans. 4y°—40y4 + 158 y3— 308 y? + 303y—129=0. 
4. Increase by 7 the roots of the equation 
3a4 + 773 —152?+4—-2=0. 
Ans. 38y4—77y3 + 720y? — 2876y +4058 =0. 
5. Diminish by 23 the roots of the equation 
525 —132?-12247=0. 


The operation may be conveniently performed by first diminishing the roots by 
20, and then diminishing the roots of the transformed equation again by 3. The 
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calculation may be exhibited in two stages, as follows, the broken lines marking the 
conclusion of each stage :— 


5 = 13 — 12 7 
100 1740 34560 
87 1728 34567 
100 3740 19122 
187 5468 53689 
100 906 
287 6374 
15 951 
302 7325 
15 
317 
15 
332 


Ans. 5y® + 332y? +7325 y + 53689 = 0. 


34. Removal of Terms.—One of the chief uses of the 
transformation of the preceding Article is to remove a certain 
specified term from an equation. Such a step often facilitates 
its solution. Writing the transformed equation in descending 
powers of y, we have 


n(n —1) 


n n—1 i ROPE 
Moy +(naoh+a)y + 9 


Ah? +(n-1)ah+apy”?+...=0. 

If 2 be such as to satisfy the equation nah + a, = 0, the trans- 
formed equation will want the second term. If h be either of 
the values which satisfy the equation 


n(n —1) 
1.2 


ah? + (n - 1) ah+a=90, 


the transformed equation will want. the third term; the removal 
of the fourth term will require the solution of a cubic for h; and 
so on. ‘To remove the last term we must solve the equation 
J(h) = 0, which is the original equation itself. 


F2 
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EXaMPLts. 
1. Transform the equation 
x2 — 627+ 42-7=0 
into one which shall want the second term. 
nah+a=0 givesh=2. 
Diminish the roots by 2. Ans. y3-8y—15=0. 
2. Transform the equation 
x*+8234+2-5=0 

into one which shall want the second term. 

Increase the roots by 2. Ans. yt —24y*?+ 65y —55 =0. 

3. Transform the equation 

xt — 4473 —18 2? —-34+2=0 

into one which shall want the third term. 

The quadratic for h is 

64? -12h-18=0, giving h=3, h=-1. 
Thus there are two ways of effecting the transformation. 
Diminishing the roots by 3, we obtain 
(1) y4+8y3—11ly—196=0. 
Increasing the roots by 1, we obtain 
(2) y*-—8y3+17y—8=0. 


35. Binomial Coefficients.—In many algebraical pro- 

cesses it is found convenient to write the polynomial /(x) in the 
following form :— 
Ay x” + NA, gh“) _ Pi Ah a Lae 
in which each term is affected, in addition to the literal coef- 
ficient, with the numerical coefficient of the corresponding term 
in the expansion of («+ 1)” by the binomial theorem. The 
student will find examples of equations written in this way on 
referring to Article 27, Examples 13 and 16. The form is one 
to which any given polynomial can be at once reduced. 

We now adopt the following notation :— 


n(n—1) 
Lim 


thus using U with the suffix n to represent the polynomial of 
the n degree written with binomial coefficients. 


leit? 40S Ano” + NAnr® + Any 


U,, = Ax” + naa) + Age” +. LF NAn 1+ Any 


Binomial Coefficients. 69 


We have, therefore, changing » into n - 1, &c., 


Una = doce" +(n—1) aa +... + (0-1) Ona t+ Ona, 


OU, =a%° + 80,0 + 3a,4 + a3, 
U2, =A) + 2a, + dr, 

DO, =ae+h, 

UO, =. 


One advantage of the binomial form is, that the derived 
functions can be immediately written down. The first derived 
function of U,, is, plainly, 

(n—1) (n—-2) 

1.2 


n jae" +(n—1) qe"? + Agee +. + tn : 
or nU,,,; so that the first derived function of a polynomial re- 
presented in this way can be formed by applying to the suffix 
of U the rule given in Art. 6 with respect to the exponent of the 
variable. Thus, for example, the first derived of U, is formed 
by multiplying the function by 4, and diminishing the suffix by 
unity ; it is, therefore, 4U;, as the student can easily verify. 
We proceed now to prove that the substitution of y + for 
z transforms the polynomial U,, or 


| —l 
Aye” +nA 0") + oe 5} d cee’ +o ce t+NMy 1+ Any 
into ; 
Py | 
Ary +n dyes 2 9 ) Ayy™ +...4+NAniyt An, 


where 
ey A,, Ax eee Ai ee 


are the functions which result by substituting / for # in 
i, 0, U,, Beets Oi n.45 Uy 
2.@. Ay=M%, A,=aHh+a, A,= Ah? + 2a,ht+ m, &e. 


Representing the derived functions of f(A) by suffixes, as 
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explained in Art. 6, we may write the result of the transfor- 
mation, viz. f(y +), in the following form :— 


2 n-1 h n(h 
Ah) + Ah) y + er aoe rs « n Ws 


7(h) is the result of substituting / for x in U,,; it is, therefore, 
A,,; its first derived f,() is, by the above rule, n.A,.; the first 
derived of this again is »(n—1)A,.; and so on. Making these 
substitutions, we have the result above stated, which enables, us 
to write down without any calculation the transformed equation. 


EXAMPLES, 
1, nd the result of substituting y + 4 for x in the polynomial 
a) 23 + 3a, 2" + 3aex + ag. 
Ans. ayy? + 3 (aoh + a1) y* + 3 (aoh? + 2arh + ay) y + aoh3 + 8a, h? + 8agh + a3. 

The student will find it a useful exercise to verify this result by the method of 
ealculation explained in Art. 33, which may often be employed with advantage in 
the case of algebraical as well as numerical examples. 

2. Remove the second term from the equation 

ax + 3a, 2" + 8a,4 +a3=0. 
We must diminish the roots by a quantity 4 obtained from the equation 


° — ay 
@hta=0, 1.6,h4= ° 
a0 


Substituting this value of / in Ae, and 43, the resulting equation in y is 


3 (ao a2— a") a” a3 — 38a a, ag'+ 2a,3 
soar wea das . 
ao a0 


y+ 


3. Find the condition that the second and third terms of the equation U,=0 
should be capable of being removed by the same substitution. 

Here .4; and 42 must vanish for the same value of 4; and eliminating h be- 
tween them we find the required condition. 


Ans. aa2-—a;?=0. 
4. Solve the equation 
x + 627+ 127—19=0 


by removing its second term. 
The third term is removed by the same substitution, which gives 


—27=0. 


See el ee PEE S te pee 
Se ee Se oe a eee ae ee - Mf eee. re eae eee ed 
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The required roots are obtained by subtracting 2 from each root of the latter 
equation. 

5. Find the condition that the second and fourth terms of the equation Un =0 
should be capable of being removed by the same transformation. 

Here the coefficients -4; and .43 must vanish for the same value of 2; eliminat- 
ing 4 between the equations 


ah+ay= 0, a h? + 3a h*? + 8aeh+a3= 0, 
we obtain the required condition 
ao? a3 — 8ap a ae + 2a,3=0. 


N.B.—When this condition holds among the coefficients of a biquadratic equa- 
tion its solution is reducible to that of a quadratic ; for when the second term is 
removed the resulting equation is a quadratic for y? ; and from the values of y those 
of z can be obtained. 

6. Solve the equation 


x*+16 23+ 722? + 644-129 =0 
by removing its second term. 
The equation in y is 
y* — 24y?-1=0. 


7. Solve in the same manner the equation 
x + 2043 + 1432? + 430x + 462=0. 
ns. The roots are—7, —3, —5 are. 


8. Find the condition that the same transformation should remove the second 
and fifth terms of the equation U;, = 0. 


ANS. 0? 44 — 400" a a3 + 60 a? ae — 8a;* = 0. 


386. The Cubie.—On account of their peculiar interest, we 
shall consider in this and the next following Articles the equa- 
tions of the third and fourth degrees, in connexion with the 
transformation of the preceding Article. When y +h is sub- 
substituted for # in the equation 


Av? + 8a,x* + 8a,u + a3 = 9, (1) 
we obtain 
ay +3A,y'?+3A,y + A;,=9, 


where .A,, A., A; have the values of Art. 35. 
If in the transformed equation the second term is absent, 


A,=0, whos 


Ao 


Ex | 
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Substituting this value for / in A, and A;, we find, as in Ex. 2, 
Art. 35, 


Ao A, i55 Ay Ae — ay’, eee i = Ap’ As — SAA Ag + 2a,5 ; 


hence the transformed cubic, wanting the second term, is 


y> + ul (2 — ay’) y + es (ay? a3 — 8) A Az + 2a,°) =0. 
Ao ao 
The functions of the coefficients here involved are of such 
importance in the theory of algebraic equations, that it is custo- 
mary to represent them by single letters. We accordingly adopt 
the notation 


Ay A, — a,” = H, Ap’ As — 8A) A, Az + 2a,3 = (iF: 


and write the transformed equation in the form 
yey Big, (2) 


"Tf the roots of this equation be multiplied by a, it becomes. 
3+3Hs+G=0: (3) 


a form which will be found convenient in the subsequent dis- 
cussion of the cubic. The variable, z, herein contained is equal 
to doy or ax+m. The original cubic multiplied by a,’ is in fact 


identical with 
(qv+a)>+ 3H (ae+a) + G=0, 


as the student can easily verify. 
If the roots of the original equation be a, 3, y, those of the 
transformed equation. (2) will be 


r 1 a 
os ee Bt+-, ie Pog” 
0 0 a7) 
or, since 
3a, 
a+PB+y=-—, 
A 


they may be written as follows :— 


$(2a-B -¥)s 5 (28-y-a), 5 (2y-a—f). 


) 


| 
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We can write down immediately by the aid of the trans- 
formed equation the values of the symmetric functions 


= (2a-B-y)(2B-y-a), (2a-B-y)(28-y-a)(2y—a-Bf) 


of the roots of the original cubic. The latter will be found to 
agree with the value already found in Hx. 15, Art. 27. 

We may here make with regard to the general equation an 
important observation : that any symmetric function of the roots 
a, B, y, 6, &e., which is a function of their differences only, can 
be expressed by the functions of the coefficients which occur in 
the transformed equation wanting the second term. This is 
obvious, since the difference of any two roots a’, 3’ of the 
transformed equation is equal to the difference of the two corre- 
sponding roots.a, (3 of the original equation ; and any symmetric 
function of the roots a’, 3’, y’, 6’, &c., can be expressed in terms 
of the coefficients of the transformed equation. For example, in 
the case of the cubic, all symmetric functions of the roots which 
contain the differences only can be expressed as functions of 
a, H, and G. Illustrations of this principle will be found 
among the examples of Art. 27. 

37. The Biquadratic,—The transformed equation, want- 
ing the second term, is in this case 


ay! +6An,y?+4Asy + Ay=0, 
where .4, and A; have the same values as in the preceding 
Article; and where 4, is given by the equation 
AAs = A> dy — 40" A, A3 + 64, ay" a, — 8.a,'. 


The transformed equation is, therefore, 
4 6 2 4 1 ee 2 : S aten aN 
y+ — Hy + = Gy + = (asas— 4a, aids + 60,0: a, — 8a) = 0. 
Xo a, i 


We might if we pleased represent the absolute term of this 
equation by a symbol like H and G, and have thus three func- 
tions of the coefficients, in terms of which all symmetric func- 
tions of the differences of the roots of the biquadratic could be ex- 
pressed. It is more convenient, however, to regard this term as 


7a 
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composed of H and another function of the coefficients deter- 
mined in the following manner :—We have plainly the identity 


Ag? Ay — 4°, 3+ Bay yg — Bay! = A? (Ay, — 40 As + 8.027) — 8 (Ay dz — a1"). 


This involves a, H, and another function of the coefficients, 
viz., 
ad, — 40, a3 + 8a.”, 
which is of great importance in the theory of the biquadratic. 
This function is represented by the letter J, giving 


Ay’ Ay = 4a? a, As + 6a) a, Ae ex 3a;* = ay” IT- 3H’. 


The transformed equation may now be written 


6H , 4G afgi-3 H’ 
44 — y? + —— yy ——__——_ = 0. 1 
U Sen tires Vo oa 0 (1) 
We can multiply the roots of this equation, as in the case of 
the cubic of Art. 36, by a; and obtain 


2+ 6Hz? +4Gs+a21-3H*=0. (2) 


This form will be found convenient in the treatment of the 
algebraical solution of the biquadratic. The variable is the 
same as in the case of the cubic, viz., q+. The original bi- 
quadratic is in fact identical with 


(aox + m)*+6H (anvt+a)°+4G (ae+a) +a I-3H’ =0, 


after the factor a,° is removed from this latter equation. 

Any symmetric function of the roots of the original biqua- 
dratic which contains their differences only can therefore be 
expressed by a, H, G, and I. 

If the roots of the original equation be a, (3, y, 8, those of 
the transformed (1) will be, as is easily seen, 


a (3a-B-y-8), 7 (8B-y-8-a), 7 (8y-8-a-B), g (3d-a-B-y). 


The sum of these = 0; the sum of their products in pairs 


ils the sum of their products in threes = Hat 
ay a3 


; and for their 


. 
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continued product we have the equation 
a' (3a - B -y - 8) (8B - y- 8-4) (By-8-a-f)(3d8-a-B-y) 
= 256 (a, I-3H”). 
There is another function of the coefficients to which we 
wish now to call attention, as it will be found to be of great im- 


portance in the subsequent discussion of the biquadratic. It is 
the function arrived at in Ex. 18, Art. 27, viz., 


Ay Ag As + 2A, Azz — Ap As” — ay"a, — a’. 


This is denoted by the letter J. The example in question 
shows that it is a function of the differences of the roots. It 
must, therefore, be capable of being expressed in terms of a, 
H, G,and I. We have, in fact, the identity 

ae J =a? HI - G’* -4H°, 
which the student can easily verify. 

Or this relation can be derived as follows :—Whenever a 
function of the coefficients a, a, a,, &c. is the expression of a 
function of the differences of the roots, it must be unaltered by 
the transformation which removes the second term of the equa- 


tion, hence its value is unaltered when we change a into zero, 
a into A., a; into A;, &e. Thus 


Ap AzAg + 2a, a2 M3 =~ Ay As = ayy ~— fy = Ay Az Ay ak: Ay As? a A,® ; 


substituting for -A,, A;, A, their values in terms of H, G, I, we 
easily obtain the above"identity, which will usually be written 
in the form 

G?+4H% =a, (HI- aJ). 

38. Homographie Transformation.—The transforma- 
tion considered in Art. 33 is a particular case of the following, 
in which w is connected with the new variable y by the equation 

Av + a 
77 oe 0+ uw 

Tf =1, w=—-h, NV =0, p’=1, we have y=a—-A, asin Art. 33. 
Solving for x in terms of y, we have 
_mn-mMy 
2 Ny-X 


[3 £39 
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This value can be substituted for x in the given equation, 
and the resulting equation of the n™ degree in y obtained. 

Let a, B, y, 6, &e., be the roots of the original equation, 
and a’, 3’, 7’, 0, &e., the corresponding roots of the transformed 
equation. rom the equations 


, Aa + a 
a =| 

Nat es 
we easily derive the relation 


pre Nd (a= 8) 

(Nat p’) (VB +p)’ 

with corresponding relations for the differences of any other 
pair of roots. If we take any four roots, and the four corre- 
sponding roots, we obtain the equation 


(-B) ly -8) _ (@-B)y-9) 
(a’— y) (8-8) (a-y)(B- 8) 

Thus, if the roots of the proposed equation represent the 
distances of a number of points on a right line from a fixed origin 
on the line, the roots of the transformed equation will represent 
the distances of a corresponding system of points, so related to 
the former that the anharmonic ratio of any four of one system 
is the same as that of their four conjugates in the other system. 
It is in consequence of this property that the transformation is 
called homographic. 

It is important to observe that the transformation here con- 


B= seers oe 


sidered, in which the variables w and y are connected by a relation 


of the form 
Ary + Be+Cy+D=0, 


is the most general transformation in which to one value of either 
variable corresponds one, and only one, value of the other. 

39. Transformation by Symmetric Functions,—Sup- 
pose it is required to transform an equation into another whose 
roots shall be given rational functions of the roots of the pro- 
posed. Let the given function be ¢ (a, 3, y . . .), where @ may 
involve all the roots, or any number of them. We form all pos- 


39 
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sible combinations ¢ (aBy), ¢ (af3c), &e., of the roots of this type, 
- and write down the transformed equation as follows :— 


(y- (aBy ...)}{y-¢ (aB8...))...=0. 


When this product is expanded, the successive coefficients of 
y will be symmetric functions of the roots a, 3, y, &c., of the 
given equation ; and may therefore be expressed in terms of the 
coefficients of that equation. 


a ee te ees 


EXAMPLEs. 


1. The roots of 
2+ pxr+qut+r=0 


i are a, 8, y; find the equation whose roots are a®, B?, 7. 
Suppose the transformed equation to be 


y+ Py? + Qy+k=0; 
—P=a? +P +7, Q=30B’, —R=a2B?y 
and we have to form the symmetric functions 3a’, 3a* 6, a? B? y”, of the given equa- 
tion. We easily obtain 
Sa*=p?-29, Sa? B*=g?—-Apr, a? Py? =r; 
the transformed equation is, therefore, 
y° — (p® — 29) y? + (9g? — 2pr) y - 7? =0. 
2. Find in the same case the equation whose roots are a3, 3, y°3. 
Ans. y+ (p> — 3pq + 8r)y* + (9° — 3pgr + 372) y +73 = 0, 
3. If a, B, y, 5 be the roots of 
t+ pe +qr*+ra+s=0; 


find the equation whose roots are a, ?, y?, 8°. 
Let the transformed equation be 


y+ Py? + Qy? + Ry + S=0, 
—P=3a07, Q=%0'f, —R= a??y*, S= a2 B?728?. 
Compare Exs. 8, 17, Art. 27. 
Ans. y* —(p* — 29) y? + (q? — 2pr + 2s) y? — (v2 — 29s) y +s? = 0. 
4. Ifa, B 7, 5 be the roots of 
aox* + 4a, 25 + 6aex* + 4a37+at=0; 


then 


then 


find the equation whose roots are A, m, v3 Viz., 


By+ad, ya+Ps, aB+y7s. 
See Ex. 17, Art. 27. 3 or ead 


6a 8 
Ans. y2— —? y+ (deta —aoai)y ~— (2aoas?— — 3a) a2. a4 + 2a;? a4) =0. 


3 fee ae 
Ce 
aimee 


(40) 
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5. Show that the transformed equation, when the roots of the resulting cubic of 
Ex. 4 are multiplied by $a0, and the second term of the equation then removed, is 


2° — Iz+27=0. 


40. Formation of the Equation whose Roots are any 


Powers of the Roots of the Proposed.—The method of - 
effecting this transformation by symmetric functions, as ex- — 


plained in the preceding Article, is often laborious. A much 
simpler process, involving multiplication only, can be employed. 
It depends on a knowledge of the solution of the binomial equa- 
tion @”-—1=0. This form of equation will be discussed in the 
next Chapter. The general process will be sufficiently obvious 
to the student from the application to the equations of the 2nd 
and 38rd degrees which will be found among the following ex- 
amples :— 


EXAMPLES. 


1. Form the equation whose roots are the squares of the roots of 


e+ part poet... + n+ pn=O0. ‘ 


To effect this transformation, we have the identity y 
a+ pyar) + pean? t 2. + Pri t+ pn =(e—ai)(4—az)... (e—an) ; 
changing x into — x, we derive, as in Art. 30, 
a — py arlt peer ®—... 4 Ynit+Fpn=(e+ar)(~+a2)¥.. (%+an); 
multiplying, we have 
(a+ poar?+ parte .. .)?—(pran-l+ pzam 3+, . .)? =(%? — ay?) (x*— ag)... (4?—aan?); 


it is evident that the first member of this identity contains, when expanded, only 
even powers of «; we may then replace z* by y, and obtain finally 


y" + (2p2—pr®) y+ (pa? — 2pipst Ips) yr? +... =(y— an”) (y— ag’)... (y—an’). 
The first member of this equated to zero is the required transformed equation. 
N.B.—This transformation will often enable us to determine a limit to the num- 

ber of real roots of the proposed equation. For, the square of a real root must be 
positive ; and therefore the original equation cannot have more real roots than the 
transformed has positive roots. 
2. Find the equation whose roots are the squares of the roots of 
2 —g?4+ 8%-—6=0. 
Ans. y>+15y?+ 52y—36=0. 

_ The latter equation, by Descartes’ rule of signs, cannot have more than one 

positive root; hence the former must have a pair of imaginary roots. 
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3. Find the equation whose roots are the squares of the roots of the equation 
+a +2? +22+3=0. 
Ans. y+ 2y* + 5y3 + 3y? — 2y-9=0. 
It follows from Descartes’ rule of signs that the original equation must have 


four imaginary roots. 
4. Verify by the method of Ex. 1 the Examples 1 and 3 of Art. 39. 
5. Form the equation whose roots are the cubes of the roots of 


a+ pyarl+ pear? to. . 4+ pnit+pn=0. 


It will be observed that in Ex. 1 the process consists in multiplying together 
F(x), the given polynomial, and f(- ~): the variables involved in these being those 
which are obtained by multiplying x by the two roots of the equation z?—1=0. In 
the present case we must multiply together f(x), f(wx), f(w*x): the variables in- 
volved being obtained by multiplying 2 by the roots of the equation z7-1=0. The 
transformation may be conveniently represented as follows :— 

Write the polynomial f(x) in the form 


(Pn t+Pn30? +...) +2(pn-itpnsO+...)+2*(pnotpn-5s2+...); 
which we represent, for brevity, by 
P+42Q+2R, 


where P, Q, and # are all functions of 2°. 
% We have then 
* P+2Q+aR=(c—aj)(s—a)....(¢—an). (1) 


Changing, in this identity, x into wz and w*x successively, we obtain 
P+ wtQ+ w? xv? R= (wx — ay) (we —az)... (wx—an), (2) 
P+ w*®tQ+ wx? R = (w*x — ay) (w*x — az)... (w?&% — an), (8) 
since P, Q, and R, being functions of x, are unaltered. 


Multiplying together both members of (1), (2), (3), and attending to the results 
of Art. 26, we obtain 


P3+ 23 Q + 26 R3— 325 POR = (x* — a,*) (x — a5)... (x? — an®). 

The first member of this identity contains v in powers which are multiples of 3 
only. We can, therefore, substitute y for z* and obtain the required transformed 
equation. 

6. Find the equation whose roots are the cubes of the roots of 

at — a3 + 2a? + 34+1=0. 
Ans. y* + 14y? + 50y?+6y+1=0. 

7. Verify by the method of Ex. 5 the result of Ex. 2 of Art. 39. 

8. Form the equation whose roots are the cubes of the roots of 

ax® + 3b? + 3ex+d=0. 
Ans. a® y* +3(a2d+ 96% —9 abe) y* + 3 (ad? +903 — 9bed) y+ d* =0. 
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41. Transformation in General.—In the general prob- 
lem of transformation we have to form a new equation in y, 
whose roots are connected by a given relation ¢ (2, y) =0 with 
the roots of the proposed equation f(v)=0. The transformed 
equation will then be obtained by substituting in the given 
equation the value of x in terms of y derived from the given 
relation ¢(x, y)=0; or, in other words, by eliminating z be- 
tween the two equations /(x) = 0, and ¢(7, y)=0. For example, 
suppose it were required to form the equation whose roots are 
the sums of every two of the roots (a, 3, y) of the cubic 


oe — pao + gqa-r=0. 
We have here 
Y=P+y=at+P+y-a=p-a. 
The equation ¢ (#, y) = 0 is in this case y=p—-a; for when x 
takes the value a, y takes one of the proposed values; and when 
a takes the values (3 and y, y takes the other proposed values. 


The transformed equation is therefore obtained by substituting »” ’ 
py for @ in the given Ue , 


EXAMPLES. 


1. If a, B, y be the roots of the cubic 
2 ~px?+qu—r=0, 


form the equation whose roots are 


1 1 
By+-, yat=, aBt+-. 
@ B y 
Here 


1 aBy+1 14,7 
pe 


a 
and the given relation is vy=1+7; the transformed equation is then obtained by 
substituting moe for z in f(x) = 
| Ans. ry®—g(1+r)y*+p(1+r)?y—(1+7)3=0. 
2. Form, for the same cubic, the equation whose roots are 
aB + ay, aB + By, By + ay. 
Substitute ar for x. Ans. y> —2gy*+(pr+ @)y+r?—por=0. 
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3. Form, for the same cubic, the equation whose roots are 


a B Y 
B+y-a yta-B -at+B-y7 


by 
+ 2y 


Ans. (p> —4pq+ 8r) y3 + (p?—4pq + 12r) y?+ (6r— pq) yt+r=0. 
4. If a, B, y be the roots of the cubic 


Substitute i for x, 


ax + 3bx? + 3ex+d=0; 
prove that the equation in y whose roots are 


By — a? ya — 8? a8 — %y" 
B+y-20 yta-28’ a+B-—2y 


is obtained by the homographic transformation 
axy+b(4+y)+e=0. 
42. Equation of Squared Differences of a Cubic.— 


We shall now apply the transformation explained in the preced- 
ing Article to an important problem, viz. the formation of the 


. equation whose roots are the squares of the differences of every 


two of the roots of a given cubic. We shall do this in the first 


instance for the cubic 
2+gert+re=0, (1) 


in which the second term is absent, and to which the general 


equation is readily reducible. Let the roots be a, 8, y. We 
have to form the equation in y whose roots are! 


(B-y)’, (y-a)*, (a—B)’. 

We may here observe that the method’ of Art. 39 can be 
applied in general to the solution of this problem, viz. the for- 
mation of the equation whose roots are the squares of the 
differences of every two of the roots of a given equation; for 
when the product 


(y— (a1 - «)"} {y - (a1 - a3)"} (y- (a a)"}- «fy — (a) 
is formed, the coefficients of the successive powers of y will be 
symmetric functions of ai, a2, as, a, &c., and may, therefore, be 


expressed in terms of the coefficients of the given equation In 
G 
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the present instance, however, the method of Art. 41 leads more 
readily to the required transformed equation. This equation 
may be called for brevity the “ equation of squared differences ”’ 
of the proposed equation. Assuming y equal to any one of the 
roots of the transformed equation, e. g. (8 — y)*, we have 


2aBy 
a 


e 
3 


yeep ry oe 
also 
a+? +7’ =- 29, apy =- 71. 


The equation ¢ (2, y) = 0 of Art. 41, becomes, therefore, 
ee 
y=—2q9-x'+ = 


or 
x + (y+ 2q)e-2r=0; 


subtracting from this the proposed equation, we get 


3r 
(y+q)e-3r=0, or etre, 
hence the transformed equation in y is 
y+ gy? + 99’ y + 49° + 277? = 0. (2) 


If it be proposed to form the equation whose roots are the 
squares of the differences of the roots (a, (3, y) of the cubic 


a2 + 84,2 + 8a,.%+a;=90, (3) 


we first remove the second term ; the resulting equation is 
3st G4 
3 fy; 
y+ a y+ an 0; 


and the required equation is the same as the equation of squared 
differences of this latter, since the difference of any two roots 
is unaltered by removing the second term. We can therefore 
write down the required equation by putting 


aE gol 
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in the above. The result is 


18H, 81H? 27 


e+ Sats wt (G+ 4H) =0, (4) 


which has for roots 
(=F) yo)". : fa— fy. 


The equation (4) can be written in a form free from fractions 
by multiplying the roots by a”. It becomes then 


+18 Hx’ + 81 Hx + 27 (G? +4H°) =0, (5) 
whose roots are 
ao'(B-y)’, a (y-a)*, a'(a- B/ 
We can write down from this an important function of the 


roots of the cubic (3), viz. the product of the squares of the diffe- 
rences, in terms of the coefficients :— 


ao" (3 — y)*(y - a)*(a— 8)? =— 27 (GP + 4H"). (6) 


It is evident from the identity of Art. 37 that G? + 4° 
contains a,” as a factor. We have in fact 


G? +4? = ay? { ae? as — 6a) A, A, a3 + 4aoa,* + 4a,° a3 — 8a,a,"}. 


The expression in brackets is called the discriminant of the 
cubic, and is represented by A; giving the identities 


| G’+4H%=aZ%{A, HI-aJdJ=a. 


EXAMPLEs. 


1. Form the equation of squared differences of the cubic 
i x3 _ 7x + 6=0. 
' Ans. # — 42z* +4412 — 400 =0. 
2. Form the equation of squared differences of 
2 + 622+ 74+2=0. 
First remove the second term. 
. Ans. #3 — 30x +2257 —68=0. 
p 3. Form the equation of squared differences of 
; 2 + 627 + 94+4=0. 
Ans. #3 — 18x? + 81x=0. 

4. What conclusion with respect to the roots of the given cubic can be drawn 

from the form of the resulting equation in the last Example? 
G2 : 
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_ 48. Criterion of the Nature of the Roots of a Cubic. 
—We can from the form of the equation \of differences obtained 
in Art. 42 derive criteria, in terms of the coefficients, of the na- 
ture of the roots of the algebraical cubic. For, if the equation 
(5) of Art. 42 has a negative root, the cubic ((3) Art. 42) must 
have a pair of imaginary roots, in order that the square of their 
difference should be negative; and if (5) has no negative root, 
the cubic (8) has all its roots real, since|a pair of imaginary roots 
of (3) would give rise to a negative root of (5). 

In what follows it is assumed that the coefficients of the 
equation are real quantities. Four cases may be distinguished :— 

(1). When G? + 4H? is negative, the roots of the cubic are all 
real.—For, to make this negative H must be negative (and 4H 
> G’) ; the signs of the equation (5) are then alternately positive 
and negative, and, therefore (Art. 20), (5) has no negative root ; 
and consequently the given cubic has all its roots real. 

(2). When G? + 4° is positive, the cubic has two imaginary 
voots.—For the equation (5) must then have ‘a negative root. 

(3). When G? + 4H* = 0, the cubic has two equal roots.—For 
the equation (5) has then one root equal to zero. In this case 
A = 0, it being assumed that a does not vanish. We may say, 
therefore, that the vanishing of the discriminant lo Art. 42) ex- 
presses the condition for equal roots. 

(4). When G=0, and H =0, the cubicfhas its three roots equal. 
—For the roots of (5) are then all equal to zero. These equa- 
tions may also be expressed, as can be easily seen, in the form 
Mm G, Ge 

ay Ay as 
which relations among the coefficients'are therefore the conditions 
that the cubic should be a perfect cube. 

v 44, Equation of Differences in General.—The general 
problem of the formation, by the aid of symmetric functions, of 
the equation whose roots are the differences, or the squares of the 
differences, of the roots of a given equation, may be treated as 
follows :—Let the proposed equation be 


I (w) = (@ — a1) (@ — a2) (@—a3).... (e@— ay) = 0. 
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Substituting «+a, for 2, and giving r the values 1, 2, 3, 
- ++”, in succession, we have the equations 


f(@ + a1) =a(@ + a1 — az) (w@ +a, - a3)... . (w@t+a—an), 7 
S (a+ a2) =2(@+ a, —a)(x+ a2 — as) ets (v@+a2—an), \ (1) 
f'(% + an) =2 (a+ an—a;)(@+an—az)....(@+an—an4). | 


Also, employing the expansion of Art. 6, and observing that 
J (a-) = 0, we find the equation 


Efe + an) =f (or) +72 far) + oa" an) Hee 


Denoting the second side of this equation by ¢(a, a,), and 
multiplying both sides of the identities (1), we obtain 


@ (#, a1) p(#, a2) -. +. G(@, an) = (@*— (a1 — a2)”} (a? — (a1 as)*} .» » 


. « {2 —(an1—an)*}. 


To form the equation of differences, therefore, we can mul- 
tiply together the n factors 9 (x, ai), ¢ (a, a2), &c., and substitute 
for the symmetric functions of the roots which occur in the pro- 
duct their values in terms of the coefficients. Or we may, as 
already explained in Art. 42, form directly the product of the 
n(n —1) factors on the right-hand side of the above identity, 
and express the symmetric functions involved in terms of the 
coefficients. The roots of the resulting equation of the n(n —1)” 
degree in x are equal in pairs with opposite signs. Since the 
variable in this equation occurs in even powers only, we may 
substitute # for 2, and thus obtain the equation of the 
3n(n — 1) degree whose roots are the squared differences. 

For equations beyond the third degree the formation of the 
equation of differences becomes laborious. We shall give the 
result in the case of the general algebraic equation of the fourth 
degree in a subsequent Chapter. 
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EXAMPLES. 
1, The roots of the equation 
2 — 627+ 1le¢-—-6=0 
are a, 8, y; form the equation whose roots are 
B+y, +a, a? +B 


Ans. y> — 28y? + 245y — 650 = 0. 
2. The roots of the cubic 


2+ 2274+ 38274+1=0 
are a, 8, y; form the equation whose roots are 
1 1 1 t pee | 1 ieee | 1 
Bp Pe pis w Bt py 
Ans. y> + 12y? — 172y — 2072 =0. 
3. The roots of the cubic 
2e+gxr+r=0 
are a, 8, y; form the equation whose roots are 
B+ By +7, P+yata%, oF +08 + B* 
Ans. (y+ q@)i=0. 
4. The roots of the cubic 
w+ pe? +qer+r=—0 
being a, B, y; form the equation whose roots are 
B+y-a?, y+ a?—p% oF + pP- 4%. 
Ans. y°— (yp? — 29) y? — (p*— 4p? q + 8pr) y + p> — 6ptg + 8p*r 


+ 8p? 9? — 16pgr + 8r? =0. 
5. If a, B, y be the roots of the cubic 


w—3(1+a+a’)e+1+3a+ 3a? + 2a3=0; 
prove that (8 —y) (y—) (2—8) is a rational function of a. 
Ans. + 9(11+a+a%). 
6. Find the relation between G@ and H of the cubic 
@ox> + 3a,2? + 38a2.% +a3=0 


when its roots are so related that (8 — y)?, (y —a)*, (a — 8)? are in arithmetical 
O AAsGe Ans. G*?+ 2H? =0. 
7. fa, B, y, 5 be the roots of 


cat — 2a + 2a-—1=0, 
find the value of 


(B? — oP) (at — 88)? + (? — ab) (BY 32)? + (a? — 6) (9? — 8)? 
Ans. 0, 
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8. Prove that, if 
By + ya + aB + ad + 85+ v5 = 0, 
{(8 - y)?(a— 5)? + (y— a)? (B — 8)? + (a—B)? (ye 3)? }? 
= 18 { (8? — y*)? (a? — 8)? + (7 — a2)? (8? — 3°)? + (a? — B2)?(y? — 32)2}. 
9. Solve the equation 
v5 — wt + 82? —- 92 —-15=0, 
which has one root of the form 1+ a4/-—1. 
Diminish the roots by 1; substitute a\/— 1 for x; we find that a must satisfy 
at — 38a? —4 = 0, and at— 6a?+8=0; hencea=+2. Hence the factor x? — 27+ 5. 
The other factors are (x +1) and (7 — 3), as is evident. 
10. The roots of the cubic 
aoe + 3a,47 + 38a2.4% + a3 =0 
are a, B, y; form the equation whose roots are 
Boy, yta atR. 
This question has been already solved in Art. 41. We give here another solu- 
tion which, although in this particular instance it is not the simplest, will be 


found convenient in many examples. Let the roots of the given equation be dimi- 
nished by 2. The transformed equation is (Art. 35) 


ay? + 83A1y* + 3A2y + As = 0, 
whose roots area—h, B—h, y—h. We express the condition that this equation 


should have two roots equal ‘with opposite signs. This condition is (see Ex. 17, 


Art. 24) 
9A; A2 — ao-A3 = 0. 


This equation is a cubic in A whose roots are 
2(B++4), (y+), 2(a+ B); 
for the above condition is 
(B — 4) + (y- A) =0, 
*h=B+ 4, 
where 8, y represent indifferently any two of the roots. From the equation in h 


th required cubic can be formed by multiplying the roots by 2. 
11. The roots of the biquadratic 


aout + 4a, 23 + Ganz? + 4a34 + a,=0 


or 


are a, B, y, 5; form the sextic whose roots are 


B+y, yta, a+B, a+, B+8 y+. 
Employing the method of Ex. 10, the required equation can be obtained from 
the condition of Ex. 20, Art. 24. 
The condition is in this case 
6.4; 42A3 _- Ay? Ag — a A? = 0. 


This is a sextic in A whose roots are $(8+ y), &c., from which the required 
equation can be obtained as in the last example. 
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“12. Form, for the cubic of Ex. 10, the equation whose roots are 


By-at . ya-p? aB — +" 
B+y—-23 yta-28’ at+B—-27 


Diminish the roots by A, and express the condition that the resulting cubic 
hould have its roots in geometric progression (see Ex. 18, Art. 24). The con- 
dition is 

14,343 _ a9A,3 = 0. 

This will be found to reduce to a cubic in 2 ; whose roots are the values above 

written, since 


— a2 
(ah)? = (8 — h)(y— A), or = et 


13. Form for the same cubic the equation whose roots are 


2By—aB—ay 2ya- By—-Ba 2B-ya-—7f 
B+y— 2a : yta— 2B . a+ B—2y ; 


Diminish the roots by h, and express the condition that the transformed cubic 
should have its roots in harmonic progression (see Ex. 19, Art. 24). We have 


eae tise ot 
ooh Bh yun 


_ 2By — aB — ay 


or e 
B+y—2a. 


The equation in A is 
ao .As? — 3.4) 42-43 + 2423 = 0, 


which will be found to reduce to a cubic. 
14. The roots of the biquadratic 


aout + 4a, 2° + 6agx®? + 4a3% + a4=0 
are a, B, y, 5; find the cubic whose roots are 


By — ad ya — BS aB — 78 
B+y-a-8 yt+a-B-8 a+p-y-8 


Diminish the roots by h, and employ the condition of Ex. 22, Art. 24. The 
condition is in this case 


A;°A4 — a As? = 0, 


which reduces to a cubic in A whose roots are the values above written. 
15. Find the equation whose roots are the ratios of the roots of the cubic 


e+qxr+r=0. 
The general problem can be solved by elimination. Let f(x) = 0 be the given 
equation, and p = ae the ratio of two roots; then since f(8) = 0, we have 


a 
SF (pa) = 0, also f(a) =0; and the required equation in p is obtained by eliminating 
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a between these two latter equations. For the cubic in the present example the 


result is 
r?(p? + p + 1)3 + g3p?(p + 1)2?=0. 


16. If a, B, y be the roots of 
B+ per?-+qut+r=0, 
form the equation whose roots are 
B+y, y+a2, a2 +p 
Ans. a3 —2(p? — 29) x* + (pt —4p? 9 + 5g? — Qpr) x — (p?g® — 2p3r + 4pgr — 293 — r?)=0. 


17. Form for the same cubic the equation whose roots are 


Ans. r* x3 —( par — 3r?) 2? + ( p3r — Spar + 3r? + 93) x 
— (pq? — 2p3r + 4pqr — 295 — 7°) =0. 
18. If a, B, y be the roots of the cubic 
B+gxr+r=0, 
form the equation whose roots are 
la+mBy, (B+mya, ly+ maf. 
Ans. y> — mqy + (Pq + 3lmr)y + Br — 12mg? — 2m? gr — mr? = 0. 
19. If a, B, y be the roots of the cubic 
a x? + 3a, 27 + 8a,% + a3 = 0, 
find the equation whose roots are 
(a—B)(a—y), (8-y)(B-«), (y-a) (y-8). 
dee 3H ge PU SAT) 
20. Form, for the cubic of Ex. 19, the equation whose roots are 
(8-7)? (2a—B-y)?, (y—a)?(28—y—a)*, (a—B)?(2y—a—B)*. 
The required equation can be obtained by forming the equation of squared diffe- 
rences of the cubic (4) of Art. 42, since 
(y — a)? — (a — 8)’ = (8 — 7) (2a - B — 7). 
21. Form, for the cubic of Ex. 16, the equation whose roots are 
a(B—y)?, Bly—a)*, y(a—B)* 
Let the transformed equation be 23 + Pz? + Qx+R=0. 
Ans. P=pq—-9r, Q=¢? —9pgr + 271? + pr, 
R= — xr (493 + 27 r? + 4p3r — py? g? — 18pqr). 
22. Form, for the same cubic, the equation whose roots are 
a? + 2By, B*?+2ya, yy? + 2a8. 
Ans. P=—p*, Q=q(2p*—3¢), —R=4p'r — 18pgr + 293 + 277. 


CHAPTER V. 


SOLUTION OF RECIPROCAL AND BINOMIAL EQUATIONS. 


y 45. Reciprocal Equations.—It has been shown in Art. 32 
that all reciprocal equations can be reduced to a standard form, 
in which the degree is even, and the coefficients counting from 
the beginning and end equal with the same sign. We now 
proceed to prove that a reciprocal equation of the standard form 
can always be depressed to another of half the dimensions. 

Consider the equation 


a,c + a3 +t Ame t+... taer+a, =. 


Dividing by x”, and uniting terms equally distant from the 
extremes, we have 


(rae) aot za)t-teeelers) 
Ay| 2 + — \+ ay| 2 + —— )+. 2. + Amal e@+—)+an=0. 
x x x 


Assume x + = s, and let 2 + e be denoted for brevity by 
V,. We have plainly the relation 
Vos = Vege — Voy-1. 
Giving p in succession the values 1, 2, 3, &c., we have 
V,=Vi2e—-Vo=3' - 2, 
V3; = Viz —V,=32' — 33s, 
Vi, = V2 —V,= 2 — 42? + 2, 
Vs = Viz —Vz= 2° — 525 + 52; 
and soon. Substituting these values in the above equation, we 


get an equation of the m” degree in s; and from the values of 
z those of z can be obtained by solving a quadratic. 


las 
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EXAMPLES. 


1. Find the roots of the equation 
P+at+ah+e27+e+1=0. 
Dividing by x + 1(see Art. 32), we have 
e*+274+1=0. 
This equation may be depressed to the form 


2—1=0, giving z=+1; 
1 1 
whence e+-=1, #+-=-1, 
x x 


and the roots of these equations are 


l¢f-3 -1liV-3 
ees 2 : 


2. Find the roots of the equation 
x0 — 328 + 528 — bat + 38a? -1=0. 
Dividing by z? — 1, which may be done briefly as follows (see Art. 8), 
1 -3 5 -5 3 —-l 
1 -—2 3 —2 1 
Pi ee, Cleeee. anaeien | 0, 
we have the reciprocal equation 
28 — 2x6 + 37t — 22? +1 =0, (1) 


1 1 
or (#+ 5) -2 (#45) +3=0. 


Substituting for V4, 24 — 4224+ 2; and for V2, 2? — 2, we have the equation 


a—624+9=0, or (2-3)*=0, 


whence 2=3, and c=+/3, 
ae 1 . 1 - 
giving w+i=V/3, tto=—Vf3; 


and the roots of these equations are 


V8tV-1 -V384+V-1. 
2 ; 2 


These roots are double roots of the equation (1). 
3. Solve the equation . 
v-—-1=0. 
Dividing by x — 1 we have 
++ eP+e+1=0; 
from which we obtain 
2+2-1=0. 


tt 
a 
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Solving this equation, we have the quadratics 


#2 +14(14+4/5)2+1=0, 


2+i(1—4/5)2+1=0, 
from which we obtain 
w= ${-1+ 6/5 + (10 +20 /5)* /—1}, 
where 6? = 1. 
This expression gives the four values of z. 
4, Find the quadratic factors of 


2+1=0 
Transforming this, we have 
2 — 32=0, 
whence z=0, and z=4+/3. 


The quadratic factors of the given equation are, therefore, 
2+1=0, et f/32e+1 = 0. 
5. Solve the equations 
(1). (L+2)#=a(1+ 24), (2). (L+2)5 =a(1 + 25). 
6. Reduce to an equation of the fourth degree in z 


(l+2)§ (1—~2)5 


1+25 io 


Ans. (1—a)zA+(7 + 3a)2? — (44 4) =0. 


46. Binomial Equations. General Properties.— 
In this and the following Articles will be proved the leading 
general properties of Binomial Equations. 

Prop. I.—IJf a be an imaginary root of #" -—1=0, then a™ 
also will be a root, m being any integer. 

Since a is a root, 


a” = 1, and therefore (a")” = 1, or (a”)"=1; 
that is, a” is a root of a” -—1=0. 
The same is true of the equation # + 1 = 0, except that in 
this case m must be an odd integer. 


47. Prop. II.—If m and n be prime to each other, the 


equations x*-1=0, #*-1=0 have no common root except 
unity. 
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To prove this we make use of the following property of 
numbers :—I/f m and n be integers prime to each other, integers a 
and b can be found such that mb -na=+1. For, in fact, when 


~ is turned into a continued fraction, ; is the approximation pre- 


ceeding the final restoration of =. ; 


Now, if possible, let a be any common root of the given 
equations ; then 
a” =1, and a®=1; 
also a” = 1, and a” =1; 


whence q(m~na) = 1, or a§ = 1, ora=1; 


that is, 1 is the only root common to the given equations. 

48. Prop. III.—Jfk be the greatest common measure of two 
integers m and n, the roots common to the equations a” — 1 = 0, 
and x” —1 = 0, are roots of the equation w* — 1 = 0. 

To prove this, let 

m = km’, n = kn’. 

Now, since m’ and n’ are prime to each other, integers 5 and 
a may be found such that m’b — n’a=+1; hence 

mb—na=+k. 

If, therefore, a be a common root of « —1=0, anda” -1=0, 

q (m~na) — 1, or a® = 1; 
which proves that a is a root of the equation 2 — 1 = 0. 

49. Prop. IV.— When n is a prime number, and a any 

imaginary root of a” —1 = 0, all the roots are included in the series 


2 n-1 
Ay a, a 9 . ° ° a 


For, by Prop. I., these quantities are all roots of the equa- 


tion. And they aro all different ; for, if possible, let any two 
of them be equal, a? = a%, 


whence a?%?)=1; 


but, by Prov. II., this equation is impossible, since n is neces- 
sarily prime to (p — g), which is a number less than z. 


(50,51, sa 
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50. Prop. V.—When n is a composite number formed of the 
factors p, q, r, &¢e., the roots of the equations «? - 1 = 0,27-1=0, 
wv” —1=0, &e., all satisfy the equation a -1=0. 

For, consider a root a of the equation # -—1=0; then a =1; 
from which we derive 

(a7)? ** «1; or a® —1=0; 
which proves the proposition. 

51. Prop. VI.— When n is a composite number formed of the 
prime factors p, q, r, &e., the roots of the equation x” -1=0 are 
the n terms of the product 
(l+ata’+...t+a?7)(14+64+...4+87) (Lt+yt+...t+y)..., 
where a is a root ofx? -1=0, B ofa? -1=0, y of x -1 =0, &e. 

We prove this for the case of three factors p, 9,7. A similar 
proof applies in general. Any term, e.g. a* 3’ y°, of the product 
is evidently a root of the equation z” —- 1 =0, since a” = 1, B'"=1, 
y” = 1, and, therefore, (a73’y°)” = 1. And no two terms of the 
product can be equal; for, if possible let a**y° be equal to 
another term a” 3” y”; then a” *=(3"" y°*’. The first mem- 
ber of this equation is a root of «? — 1 = 0, and the second 
’ member is a root ofa” -1=0. Now these two equations cannot 
have a common root since p and gr are prime to each other 
(Prop. II.) ; hence a%(*7° cannot be equal to a” By”. 
~  §2. Prop. VII.—The roots of the equation x" —1 = 0, where 
n = p*qr’, and p, q, r are the prime factors of n, are the n products 
of the form aBy, where a is a root of x” =1, Ba root of af = 1, 
and y of x” =1. 

This is an extension of Prop. VI. to the case where the prime 
factors occur more than once in x. The proofis exactly similar. 
Any such product aBy must be a root, since a” =1, 8B” =1, y"=1, 
n being a multiple of p%, g°, r°; and a proof similar to that of 
Art. 51 shows that no two such products can be equal, since 
p,q’, 7° are prime to one another. We have, for convenience, 
stated this proposition for three factors only of mn. A similar 
proof can be applied to the general case. ! 

From this and the preceding propositions we are now able 
to derive the following general conclusion :— 


TRS Sate 
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The determination of the n* roots of unity is reduced to the case 
where n is a prime number, or a power of a prime number. 

53. The Special Roots of the Equation <” — 1 = 0.— 
Every equation 2” —1 = 0 has certain roots which do not belong 
to any equation of similar form and lower degree. Such roots 
we call special roots* of that equation, or special n™ roots of unity. 
If n be a prime number, all the imaginary roots are roots of this 
kind. If n = p*, where p is a prime number, any n root of a 
lower degree than n must belong to the equation 2" — 1 = 0, 
since every divisor of p* is a divisor of p** (except n itself) ; 


hence there are p* (1 - =) roots which belong to no lower degree. 
If, again, » = p* q’, where p and q are prime to each other, there 
are p® (1-5), and q? (1- | special roots of 2° —1 = 0, and 


a? ~1=0, respectively. Now, if a and B be any two special 
roots of these equations, af3 is a special root of &”"-1=0; for if 
not, suppose (aj3)" = 1, where m is less than x; we have then 
= 23; but a” is a root of 2” —1=0, and B™ is a root of 
at —1 = 0, and these equations cannot have a common root 
other than 1, as their degrees are prime to each other; conse- 
quently m cannot be less than n, and aj3 is a special root of 
z”-1=0. Also, as there are 


e(0-2e(-d)ora(t-J (0-3 


such products, there are the same number of special n™ roots. 
This proof may be extended without difficulty to any form of n. 

All the roots of «” -1=0 are given by the series 1, a, a®,..a" 5 
where a is any special n root. For it is plain that a, a’, &., are 
all roots. And no two are equal; for, if a? = a2, a?% =1; and 
therefore a is not a special »™ root, since p — q is less than n. 

When one special n** root a is given, we may obtain all the other 
special n“ roots of unity. 


* The term ‘special root’ is here used in preference to the usual term ‘‘ pri- 
mitive root,’’ since the latter has a different signification in the theory of numbers. 
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Since a is a special root, all the roots 1, a, a®,...a"" are 
different n‘* roots, as we have just proved; and if we select a 
root a of this series, where p is prime to n, the roots 


Pat,» are, a {= 1) 


are all different, since the exponents of a when divided by n give 
different remainders in every case; that is, the series of numbers 
0, 1, 2, 3, ...~-—1 in some order; whence this series of roots is 
the same as the former, except that the terms occur in a different 
order. T’o each number », prime to » and less than it (1 in- 
cluded), corresponds a special n™ root of unity ; for a”? cannot 
be equal to 1 when m is less than n, for if it were we should 
have two roots in the series equal to 1, and the series could not 
give all the roots in that case; therefore a? is not a root of any 
binomial equation of a degree inferior to n: thatis, a? isa special 
n™ root of unity. What is here proved agrees with the result 
above established, since the number of integers less than n and 


prime to it is, by a known property of numbers, (1 - 1-— "| 


when » = p*q’, which is also, as above proved, the number of 
special roots of a” — 1 = 0. 


EXAMPLES. 


1. To determine the special roots of #® —1=0. 


Here, 6 = 2x 3. Consequently the roots of the equations 22-1 = 0, and 
x —1=0 are roots of 47-1=0. Now, dividing 26-1 by z3—1 we have 23 +1; 


fs | 
and dividing x* + 1 by — or +1, we have 2* — ~+1=0, which determines 
the special roots of 2* -1=0. 


Solving this quadratic, the roots are 


14 4/3 1- -/—3 
RE TE. Pes vey repr Saat 
also since aa = 1=a', 
ai = a, 


which may be easily verified. 
The special roots are, therefore, 


5- 5 1 
a, Qa ry or O1 > ai 3 or a, ae 
a 
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2. To discuss the special roots of #1? -1=0. 
12 


3 
2 —1=0, and zt—1=0, are roots of x*—1=0; now, dividing z!* —1 by 24-1, 
and z® —1, and equating the quotients to zero, we have the two equations 

 g84+at+1=0, and 28+1=0, both of which must be satisfied by the special roots 

| a of x’? 1=0; therefore, taking the greatest common measure of xz + zt + 1, and 

#6 4+ 1, and equating it to zero, the special roots are the roots of the equation 
Mm 2t-2+1=0. 

The same result would plainly have been arrived at by dividing 2}? ~ 1 by the 
least common multiple of zt —1 and z*-—1. Now, solving the reciprocal equation 


. . 12 
Since 2 and 3 are the prime factors of 12, and a 6, —= 4, the roots of 


1 - : : 
zt —2?+1=0, we have r+ ig + 1/3; whence, if a and a be two special roots, 


ai, 5) 


(«, ee ( oy aa a 


are the four special roots of #1? -1=0. 
We proceed now to express the four special roots in terms of any one of them a. 


, 1 1 1 
Since a+-+a+—=0, or (a+ a) (14+ —)=0, 
a al aay 


we take aa; =— | (as consistent with the values we have assigned to a and ai); and 


: 1 
since a and a; are roots of 4 +1=0, a®’=—1, and a®= - = ae The roots: 


ee | : : 
a, ai, —, — may therefore be expressed by the series a, a°, a7, a!!, since a! = 1. 
ny. © , 


Further, replacing a by a®, a’, al!, we have, including the series just determined, 
the four following series, by omitting multiples of 12 in the exponents of a :— 

a oak. all, 

ay. a, av. a’, 

vw, al, a, a’, 


a”; *', a®, a; 


being changed. We have therefore proved that this property is not peculiar to any 
one root of the four special roots; and it will be noticed, in accordance with what 
is above proved in general, that 1, 5, 7, and 11 are all the numbers prime to 12, 
and less than it. We may obtain all the roots of z!2 — 1 = 0 by the powers of any 


eee gt lak. ab, at at, gt a al gh 1, 
a’, a’, a’, a’, %.  @, ee ae ey a’, 1, 
- @, ge eee tee eee owe ae ee i, 


1 
or et. we ee ae a eg at Bat, ey, 
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3. Prove that the special roots of © — 1 = 0 are roots of the equation 


wi —a7+a5-—at+a3-—-274+1=0. 


4. Show that the eight roots of the equation in the preceding example may be 
obtained by multiplying the two roots of x? + x + 1= 0 by the four roots of 


@4+e4e?+74+1=0. 


54. Solution of Binomial Equations by Circular 
Functions.— We take the most general binomial equation 


his tb y=, 


where a and 0 are constants. 


Let a=Receosa, 6=Lsina; 
then = R (cosa + / - 1 sina) 
now, if (cos 0 + ./— 1 sin 0) 


be a root of this ae we have, by De Moivre’s Theorem, 
(cos nO + ,/—1 sinn®) = R (cosa + ,/-1 sina); 


and, therefore, 
r” cosn@ = R cosa, 


r” sin n@é = R& sina. 
Squaring these two equalities, and adding, 
r= KR’, giving = #; 
where we take & and r both positive, since in expressions of the 
kind here considered the factor containing the angle may always 
be taken to involve the sign. 
We have then 
cosn@ = cosa, sinn@=sina; 


and, consequently, 
nO =a + 2k, 


k being any integer ; whence the assumed x” root is of the | 
general type 


WA (cos a ie + a/~ Lain =". 


Giving to & in this expression any » consecutive values in the 
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series of numbers between — © and + «, we get all the n”” roots; 
and no more than », since the » values recur in periods. 

We may write the expression for the n™ root under the 
form : 


<n a — .a Qkr — . kr 
Ie B( cos * ef —1 sin =) (cos =" tf =) eh =") 


If we now suppose R=1, and a=0, the equation w”=a+b,/-1 
becomes 2” = 1+ 0./-1; the general type, therefore, of an x*” 
root of 1 + 0,/—1, or unity, is 


2khr — . kr 
ccs Gras 4 as 

If we give & any definite value, for instance zero, 
YE (cos buf 1 ain “) 


is one n root of a+ b,/-1. 

The preceding formula shows, therefore, that a// the n™ roots 
of any imaginary quantity may be obtained by muitiplying any one 
of them by the nt’ roots of unity. 

Taking in conjunction the binomial equations 


a =a+b,/-1, and 2 =a-b./-1, 
we see that the factors of the trinomial 


a” —2R cosa.a” + R 


2S ae a+2kwr + oe er a+ 2kr 
| n n 
where & has the values 0, 1, 2,3...n-1. 


% A tds dl ~ Vad ena © Yh bY, + 


ed 
f 
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EXAMPLEs. 


V 1. Solve the equation z7-1=0. 


Dividing by x — 1, this is reduced to the standard form of reciprocal equation. 


: 1 : : 
Assuming = %+ 7 we obtain the cubic 
e+ 22-2z2-1=0, 


from whose solution that of the required equation is obtained. 


VJ 2. Resolve (x + 1)7— x7 — 1 into factors. 


Y 


V 


Ans. Tx(%+1)(2?4+%+41)?. 


3. Find the quintic on whose solution that of the binomial equation z!! — 1 = 0 


depends. 
Ans. 2° + 24 — 423 — 32? + 824+1=0. 


4. When a binomial equation is reduced to the standard form of reciprocal 
equation (by division by x —1, x +1, or a —1), show that the reduced equation 


_has all its roots imaginary. (Cf. Examples 15, 16, p. 33.) 


5. When this reduced reciprocal equation is transformed by the substitution 
1 : “ , 
z=2z+-; show that the equation in z has all its roots real, and situated between 
x 


— 2 and 2. 
For the roots of the equation in z are of the form cosa + 4/—1 sina (see 


Art. 54) ; hence x + : is of the form 2 cosa, and the value of this is real and be- 
tween — 2 and 2. 
6. Show that the following equation is reciprocal, and solve it :— 
4 (a? — 4 + 1)8— 272? (4 -—1)?=0.. 
Ans. Roots: 2, 2, tb 4 -1,-1. 


7. Exhibit all the roots of the equation z® — 1 = 0. 
The solution of this is reduced to the solution of the three cubics 


2—1=0, 2—w=0, B— w= 0; 


where w, w? are the imaginary cube roots of unity. The nine roots may be repre- 
sented as follows :— . 


ee ‘ « 
2 4 5 2 

1, wi, w3, w, ws, Ww, m7, wh, wi. 
= —s _ 


Excluding 1, w, w*; the other six roots are special roots of the given equation ; 
and are the roots of the sextic 


a 44° > 1 =O, 


VY 8. Reducing the equation of the 8” degree in Ex. 3, Art. 53, by the substitution 


1 : 
z=a+-, we obtain 
x 


sf — 33 — 427 +424+1=0; 


[s 


pa i OS Le 
ME, {op Se a 


SPREE ENTE rt eee 
See RS ie ee Sow : 


eS Tay toe Pe le ai tne ee 
STR GL PRR eS RN TA 


STEERER eeee ee 


ee ee ee ee 


bettie ag) 
Athen es Me 


caear es 
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prove that the roots of this equation are 


Qa 4a 8a l4r 
a oo Ni ie, il 
2 cos Tt 2 cos TH 2 cos Te cos 15 


9. Reduce the equation 
4x4 — 85x? + 357x* — 340x + 64 = 0 


to a reciprocal equation, and solve it. 


x 
Assume at Ans. Roots: 4, 1, 4, 16. 


10, Solve the equation 
xt + mpx + mu? + mpx + mt =0. 
Dividing the roots by m, this reduces to a reciprocal equation. 


11. If a be an imaginary root of the equation «* —-1=0, where 7 is a prime 
number ; prove the relation 


(1 — a)(1 — a?) (1 —a5)... (1- ae"), = #. 


12. Show that a cubic equation can be reduced immediately to the reciprocal 
form when the relation of Ex. 18, Art. 24, exists amongst its coefficients. 

13. Show that a biquadratic can be reduced immediately to the reciprocal form 
when the relation of Ex. 22, Art. 24, exists amongst its coefficients. 


- 14. Form the cubic whose roots are 


a+, @tat, a+ «, 


where a is an imaginary root of z7—1=0. 
Ans. x3 + 4? -—2¢4-1=0. 


15. Form the cubic whose roots are 
ata®tata’, a+tait+altal, at+aSta%+a’, 


where a is an imaginary root of #!13—1=0. 
Ans. 22+ 2?-444+1=0. 


16. If ai, az, a3. . . an be the roots of the equation 
a+ Marl + pean? +... + nik + n=, 


show how to form the equation whose roots are 


1 1 
Ohms Oy. ee Ont 
Qa) a2 an 


We have here the identity 
D+ D214 yogn2 +... + n+ $n = (%— a1)(@—a2)... (%—an) ; 


and changing into : (see Art. 32), 


1 1 1 
Pn&” + Pn-1 4" +... 4 pea? + piat+1=pn («-=) (2 =] ue (2 =) : 
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* Multiplying together these identities, and dividing by #”, the factors on the 
e a's 1 
ee aids take the form # + - ~ (« + =); ; and assuming 2 + ey the left- 
a 


hand side can be expressed as a hs «Suan of the n** degree in z by means of the 
relations of Art 45. 
17. Find the value of the symmetric function Sa? 6? (y — 5)? of the roots of the 
equation 
aoa + 4a, 2° + 6aga* + 4a3x%4+ a4=0. 


This can be derived from the result of Ex. 19, p. 52, by changing the roots into 
their reciprocals, forming = (; - 5) : of the transformed equation, and multiplying 
cas ay 
by a? 6? y?5?, which is equal to mr 
Ans. a" Xa? B? (y — 8)* = 48 (a3 — aza4). 


From the values of the symmetric functions given in Chapter III. several others. 
can be obtained by the process here indicated. 

18. Find the value of the symmetric function 3 (a1 — az)? a3?a4” . . . an® of the 
roots of the equation 


aya” + naan) + 


n(n —1) 


A220" 4.0.4 NAn-12%+an=0. 


We easily obtain a? 3 (a1 — az)? = n* (x — 1) (a1? — aoa2) ; and changing the roots 
into their reciprocals we have 
ao? & (a1 — a2)? as” a2... ay? = nr? (m — 1) (an-1? — Gn-2an). 


19. Show that the five roots of the equation 


x + dpe + bp?a+¢q=0 
are Satr/b, or/ar+er/db, er/a+o3r/b, 
ots/a+0r/b, ox/a+ or/b, 
where +f ab=—p, a+b=—4q, and @ is an imaginary fifth root of unity. 
N.B.—A quintic reducible to this form can consequently be immediately solved. 
20. Form the biquadratic equation whose roots are 


a+2a4, a+ 203, a3 +207, af + 2a, 


where a is an imaginary root of z° —1=0. 
Ans. #4 + 323 - 4 — 344 11=0. 
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CHAPTER VI. 


ALGEBRAIC SOLUTION OF THE CUBIC AND BIQUADRATIC. 


55. On the Algebraic Solution of Equations.—Before 
proceeding with the solution of cubic and biquadratic equations 
we make some introductory remarks, with a view of putting 
clearly before the student the general principles on which the 
algebraic solution of these equations depends. With this object 
we give in the present Article three methods of solution of the 
quadratic, and state as we proceed how these methods may be 
extended to cubic and biquadratic equations, leaving to subse- 
quent Articles the complete development of the principles 
involved. 

(1). First method of solution : by resolving into factors. 

Let it be required to resolve the quadratic 2° + Px + Q into 
its simple factors. For this purpose we put it under the form 


2+ Pe+Q+60-80, 
_ and determine @ so that 
2+ Pxe+Q+06 


may be a perfect square, 7.e. we make 


whence, putting for 0 its value, we have 


VP 4Q aQ\! 
y J. 


a+ Pe+Q= (e+5) ae (00 


Thus we have reduced the quadratic to the form u?- +; and 
its simple factors are u + v, and u — v. 
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Subsequently we shall reduce the cubic to the form 
(le+m)>-(le+m')’, or w-?, 
and obtain its solution from the simple equations 
w—-v=0, u-weo=0, u-wv=0. 
It will be shown also that the biquadratic may be reduced to 
either of the forms 
(le? +me+n)—(le?+met+n’)’, 
(a? + pe+g)(a*+parg’), 
by solving a cubic equation ; and, consequently, the solution of 
the biquadratic completed by solving two quadratics, viz., in the 
first case, la? + ma+n=+ (Ua +m'x+n’); and in the second case, 
x’ +pxe+q=0, and 2+ p’e+q'=0. 
(2). Second method of solution : by assuming for a root a general 
Form involving radicals. 


Since the expression p + ,/q has two, and only two, values 
when the square root involved is taken with the double sign, this 
is a natural form to take for the root of a quadratic. Assuming, 


therefore, v = p + 4/q, and rationalizing, we have 
a —-2Qne+p*>-gq=0. 
Now, if this equation be identical with 2° + Px +Q=0, we have 
2p=-P, p’-g=Q, 
— — 2 — 
giving = p+/f/g= ee si 
which is the solution ‘of the quadratic equation. 
In the case of the cubic equation we shall find that 
Bee A Re ee. a Be 8 ae 
Spt =, and Wp q(Vp +79) 
V p 
are both proper forms to represent a root ; these formulas having 


each three, and only three, values when the cube roots involved 
are taken in all generality. 


In the case of the biquadratic equation we shall find that 
ae - A rcpt ith - 
Spt S44 COR VA EVA EVLA EVA VA 
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are forms which represent a root; these formulas each giving 
four, and only four, values of x when the square roots receive 
their double signs. 


(3). Third method of solution: by symmetric functions of the 
roots. 


Consider the quadratic equation x + Pr + Q=0, of which the 

roots are a, 3. We have the relations 
a+ pB a-— P, 
ape QQ. 

If we attempt to determine a and £3 by these equations, we 
fall back on the original equation (see Art. 24); but if we 
could obtain a second equation between the roots and coefiicients, 
of the form /a + m[3 = /(P, Q), we could easily find a and B by 
means of this equation and the equation a + 3 =— P. 

Now in the case of the quadratic there is no difficulty in 
finding the required equation; for, obviously, 


(a - 3)’ = P’-4Q; and, therefore, a— (3 = ,/ P* - 4Q. 


In the case of the cubic equation 2? + Pz? + Qr +R =0, we 
require ¢wo simple equations of the form 


la+mB+ny=f(P, Q, R), 
in addition to the equation a+ 8+ y=-— PP, to determine the 
roots a, 3, y. It will subsequently be proved that the functions 
(a+wB+o*y)’, (a+ w+ wy)? 
may be expressed in terms of the coefficients by solving a quad- 
ratie equation; and when their values are known the roots of 


the cubic may be easily found. 
In the case of the biquadratic equation 


at + Px? + Qu? + Rr+S=0 
‘We require ¢iee simple equations of the form 
la+mBt+ny+rd=f(P, Q, R, 8), 
in addition to the equation 
a+PB+y+o6=-P, 
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to determine the roots a, 3, y, 6. It will be proved in Art. 66, 
that the three functions 
(8 +y—a-9)’, (y+a-B-9)’, (a+ P—y- 8) 


may be expressed in terms of the coefficients by solving a cubie 
equation ; and when their values are known the roots of the 
biquadratic equation may be immediately obtained. 

In applying the principles here explained to the solution 
of the cubic and biquadratic the order of the present Article is 
not followed. The student will have no difficulty in perceiving 
under which of the methods here described any such solution 
should be included. 

56. The Algebraic Solution of the Cubie Equation.— 
Let the general cubic equation 


ax’? +3b2?+8cxr+d=0 


be put under the form 
2+3Hz+ G=0, 


where s=av+b, H=ac-l*, G=ad-8abe+206° (Art 36). 
To solve this equation, assume* 
e=V/ptv/q; 
=p+qt+3/pV/q(/p +9); 
s- 38V/p/q.8-(p+9)= 
Now, comparing coefficients, we have 


Vp /q=-H, p+q=-G@; 


from which equations we obtain 


hence, cubing, 


therefore 


=43(-G4+/@+4H), g=4(-G-/@+4H); 


* This solution is usually called Cardan’s solution of the cubic. See Note A at 
the end of the volume. 


Bian aaa. 
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and, Bhctiiiting for \/q g its value oa we have 


3 =\/p.+ —— 
oe 


as the algebraic solution of the equation 
2+38Hs+G=0. 


It should be noticed that if p be replaced by q this value of 
z is unchanged, as the terms are then simply interchanged ; also, 
since /p has the three values Wp, w\/p, w’s/p, obtained by 
multiplying any one of its values by the three cube roots of 
unity, we obtain three, and only oe values for zs, namely, 
ae 
arr 
the order of these values only changing according to the cube 


root of p selected. 
| Now, if z be replaced by its value aw + b we have, finally, 


Yo w/ p+ ~ Fe wp + 


| SO We) pimiead 

Vp 
(where » has the value previously determined in terms of the 
coefficients) as the complete algebraic solution of the cubic equation 


ax® + 3ba* + 3cr+d=0, 


the square root and cube root involved being taken in their entire 
generality. 

57. Application to Numerical Equations.—The solu- 
tion of the cubic which has been obtained, unlike the solution of 
the quadratic, is of little practical value when the coefficients of 
the equation are given numbers; although as an algebraic solu- 
tion it is complete. 

For, when the roots of the cubic are all real, G?+4H*=-— K’, 
an essentially negative number (see Art. 43); and, substituting 
for p and q their values 


4(-@+K,/-1) 
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in the formula / Dp +o q; we have the following expression for 
a root of the cubic :— 


€ G+ ety (- eae EeAN 


2 2 


Now there is no general arithmetical process for extracting 
the cube root of such complex numbers, and consequently this 
formula is useless for purposes of arithmetical calculation. 

But when the cubic has a pair of imaginary roots, an ap- 
proximate numerical value may be obtained from the formula 


(- G+ JG + ary (- G -—./ G+ af), 
2 ‘ 2 


since G’ + 4H° is positive in this case. As a practical method, 
however, of obtaining the real root of a numerical cubic, this 
process is of little value. ded 

In the first case; namely, where the roots are all real, we 
can make use of Trigonometry to obtain the numerical values of 
the roots in the following manner :— 


Assuming 2 cs¢=-—G, and 2k sng=K, 


we have p=Re®, gq=Ree; 
i .¢ 1 3 
also tan ¢=— Fs and R=1(G@’+K’)?=(-H)’; 
ies 420 <7 
and finally, since w = cos = +f-1 sin =" =e 3", 
the three roots of the cubic equation 
2%4+3Hz+G=0, ” 


Viz. V p+/ w/ p +0 V4 wp + wl 9; 
become oo 3 


2(-H)toos#, - 2 (- H)i eos ™=*; 


from which formulas we obtain the numerical values of the roots - 


oo. 
ORE. re sia uy 
BD ae ee 
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of the cubic by aid of a table of sines and cosines. This process 
is not convenient in practice; and in general, for purposes of 
arithmetical calculation of real roots, the methods of solution of 
numerical equations to be hereafter explained (Chap. X.) should 
be employed. 

/ 58. Expression of the Cubic as the Difference of two 
Cubes.—Let the given cubic 


au’ +3bx’+d3cex+d=¢ (x) 


be put under the form 
2+3Hs + G, 
where s=axr+ b. 
Now assume 
9+ 8He + G=—— (u(@+r)-v (e+), (1) 


where » and v are quantities to be determined: the second side 
of this identity becomes, when reduced, 


2° —duvs—py (utr). 


Comparing coefficients, 


therefore 


where @A=G?+42H’, as in Art 42; 


also (3 + p) (c+v)aet+ s-H. (2) 


Whence, putting for < its value, av + 6, we have from (1) 


a’ (Sa) i cb aeaeee des» 

Pe 2ai 2H mS on 7 
which is the required expression for ¢(z) as the difference of 
two cubes. 


By the aid of the identity just proved the cubic can be re- 
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solved into its simple factors, and the solution of the equation 
completed. We proceed to obtain expressions for the roots of 
the equation ¢(x) = 0 in terms of » and v. Solving as a bino- 
mial cubic the equation 


(u-») ag (2) =p (2+ v)- v(s +n) =0, 
we find the three following values for z = aw + b:— 
Va, Tas V os 
av v(wW p+ w? Vv)» 
Sav v (wb + w Vv): 


If nowVp and +/v be replaced by any pair of cube roots 
selected one from each of the two series 


3/- 3/7 8 /- 
Vv bly wV uy wV I, 
Vv w/v, wv, 


it will be easily seen that we shall get the same three values of s, 
the order only of these values changing according to the cube 
roots selected. It follows that the expression 


Vu p+ v) 
has three, and only three, values when the cube roots therein are 
taken in all generality. ‘This form therefore is, in addition to 
that obtained in the last Article, a form proper to represent a 
root of a cubic equation (see (2), Art. 55). 


The function (2) given above when transformed and reduced 
becomes, as may be easily seen, | 


2 
7 ‘(ac — b°) a + (ad - be) w+ (bd -c*)}. 
This quadratic, therefore, contains as factors the two binomials 


ax+b+, ae+b+v, which occur in the above expression of ¢ («) 
as the differences of two cubes. 
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/ 59. Solution of the Cubic by Symmetric Functions 

of the Roots.—Since the three values of the expression 
Lfa+P+y7t+0 (a+ of + wy) +0 (a+ o*B+wy)}, 
when @ takes the values 1, w, w’, are a, (3, y, it is plain that if 
the functions 
O(a+w3t+w'y), 8 (a+ w+ wy) 

were expressed in terms of the coefficients of the cubic, we could, 
by substituting their values in the formula given above, arrive 
at an algebraical solution of the cubic equation. Now this cannot 
be done directly by solving a quadratic equation ; for, although 
‘the product of the two functions above written is a rational 
symmetric function of a, 3, y, their sum is not so. It will be 
found, however, that the sum of the cubes of the two functions 
in question is a symmetric function of the roots, and can, there- 
fore, be expressed by the coefficients, as we proceed to show. 
For convenience we adopt the notation 


L=a+uPt+wy, M=at+w'Pt+oy. 
We have then 
(OL) =A+Bw+Cw*, (PM)*=A+ Bo’+ Co, 
where 
A=a'+(°+7°+ Gaby, B=3 (a3 +B? y+ y'a), C=3(aB?+ By? + ya’) ; 


from which we obtain 


TD? + M* =2 30° - 3 Sa’°B + 12 aBy = - 27 S 


(Cf. Ex. 5, p. 44; Ex. 15, p. 50.) 


Again, 
(OL) (6M) = LM = a + B*+y*- By-ya—aB =-95 5 
whence (a +wB+w’y)’, (a+ +y)® 


are the roots of the quadratic equation 


3 
e+e ot -0. 


a® 
Denoting the roots of this equation, viz. 
3 
sai(- P+ 


2a° 


<i i oe 
RE 
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by #4, and ¢,, the original formula expressed in terms of the coef- : 
ficients of the cubic gives for the three roots the expressions 


bas i rein ee 
ee Vt+7t) 
pubs (war arV/2) 
yo-c4 (wat we) 


It will be seen that the values of a, (3, y here arrived at are — 
of the same form as those already obtained in Art. 56. 

It is important to observe that the functions 

(atwBhtw’y)*, (a+w'B + wy) 

are remarkable as being the simplest functions of three variables. 
which have but ¢wo values when the variables are interchanged 
in every way. It is owing to this property that the solution 
of a cubic equation can be reduced to that of a quadratic equa- 
tion. Several functions of a, 3, y of this nature exist, and it 
will be proved in a subsequent Chapter that any two such func- 
tions are connected by a rational linear relation in terms of the 
coefficients. 

Having now completed the discussion of the different modes 
of algebraical solution of the cubic, we give some examples in- 
volving the principles contained in the preceding Articles. 


EXAMPLES. 


1. Resolve into simple factors the expression 
(B— 7)? (2 — a)? + (y—a)? (@—B)* + (a— 8)? (w— 7)*. 
Let U=(8-y7)(e-a), V=(y—a)(e-8), W=(a-B)(x—>). 
Ans. 3(U+oV + w&W)(U0+ V+ woW). 
2. Prove that the several equations of the system 
(8 — y)? (w— a)? =(y— a)? (w — 8)? =(a—B)? (x — y)° 


have two factors common. 
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Making use of the notation in the last Example, we have 


U3=- V3=WP; 
whence 
U3 — V3 =(0—V)(U?+ UV + V*) =3(U-V) (0274+ 77?+ WW), 
since U+ V+ W=0; 


therefore (8 — y)*(x — a)? + (y — a)? (@ — B)? + (a — B)? (x — y)? 
is the common quadratic factor required. 
3. Resolve into factors the expressions 


(1). (B— +7) (z— a)? + (y — a)? (e — 8)? + (a — 8)? (z — 7), 
(2). (8 —+)® (w@— a)> + (y — a)® (@ — B)> + (a — B)5 (e — )5, 
(3). (8 —y)" (%@— a)? +(y — a)" (% — B)" + (a — B)' (% — 7)’. 


These factors can be written down at once from the results established in Ex. 40, 
p. 59. Using the notation of Ex. 1, and replacing a1, 81, 71, in the example referred 
to, by U, V, W, we obtain the following :-— 
Ans. (1) 3UVW; (2) $(U? + V*+ W*)UVW;; (3) $(0? + V2+ W*)? UV Wh. 
4, Express 
(x — a) (x — B) (% — ) 
‘as the difference of two cubes. 


Assume 


(v — a) (% — B) (x — y) = UP - Vi; 
whence 


1%, —- Vy =A(zx — a), 
wU; — 0° V1 = w(x — B), 


w° Uj —-wVi =v(% —- ¥). 
Adding, we have 


At+m+tv=0, AatuB+ry=0; 
and, therefore, 


A=p(B-¥), w=ply—a%), v=p(a—- 8); 
- but Auy=1; whence 


== B-7)(7-@)(a~ 8). 
Substituting these values of A, wu, v; and using the notation of Ex. 1, 
aa 1-Vi=pU, wii—-wMi=pV, wi —wVi=pVW; 
38U,=p(U+ V+ W), 
—3Vi=p(U+aVt+'W); 
and U; and VY; are completely determined. 
5. Prove that Z and & are functions of the differences of the roots. 
Wehave L=a+o8+w*y=a—-h+ w(B —h) +o (y—/h) 


for all values of A, since 1+w + ?=0; and giving to / the values a, B, y, in suc- 
cession, we obtain three forms for Z in terms of the differences 8 -y, y— a, a—B- 
Similarly for M. 
b 3 
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_ 6. To express the product of the squares of the differences of the roots in terms 
of the coefficients. 
We have 


L+M=2a-B-y, L+wM=(26-y-«)o, L+ol=(27-a-B)o%; 
and, again, 
L-M=(B-7)(o—o), wL—wl=(y—a)(w—w*), wl —w? M=(a—B)(w—w"), 
from which we obtain, as in Art. 26, 
I> + M3 = (2a — B—¥) (28 — 7 — a)(2y — a — B), 
TI} — M3 = —3/— 3(B — 7) (7 — a)(a— B); 


(13 — M3)? = (13 + I) — 413M, 


and since 


we have, substituting the values of Z*° + M* and LM obtained in Art. 59, 


a®(B — 7)? (y — a)? (a — B)? = — 27(@? + 412°). 
(Cf. Art. 42.) 


7. Prove the following identities :— 
13 + M? = 43{(2a— B — 7) + (28-7 — a) + (2y — a — B)}, 
Stee 31h 9) + se A: 
These are easily obtained by cubing and adding the values of 


L+H, &.; L-M, &e., 
in the preceding example. 


8. To obtain expressions for L*, M?, &c., in terms of a, B, y. 
The following forms for Z? and M? are obtained by subtracting 


(a2+ B?+77)(lL+o@+ w*) =0 from (a+wB + wy)”, and (a+ w? B + wy)? :— 
— [2 =(B- 7) + w(y— a)? + @ (a— 8)’, 
2= (6B — )? + w (y — a)? + w (a — B)”. 
In a similar manner, we find from these expressions 
— [4 =(B—y)? (2a—B—)? + @ (y— a)?(2B— 7 — a)? + w (a — B)? (2y — a— 8B)’, 
— M4 = (B—-)?(2a—B—y)? + w(y — a)? (28 —y—a)?+ w (a—B)* (2y—a— B)* 
Also, without difficulty, we have the following forms for LM, and L? M*:— 
2LM =(B - 7)? + (y—#)? + (a— By 
L*M? = (a—B)* (a—y)* + (8-7) (B — a)? + (y— a)* (y — B)?. 
9. There are six functions of the type of Z or M, viz., 


atwB +o°y, wat wB+ 7, wat B+ wy, 
at+wBtwy, wat+Bt+w*y, w'at+wBh+y7, 


to form the equation whose roots are these six quantities. 
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These functions may be expressed as follows :— 
L, ol, wL, 
= HM, wh, wM;,. 
a hence they are the roots of the equation 
| (p —L)(p — wL)(p — w*L) (p — M) (p — wML) (p — w* AL) = 0, 
or 9° — (3+ I) ¢° + DMB = 


Substituting for Z and I from the equations 


9 
iM =~ ss B+ M3=—-27 x 
a a 


we have this equation expressed in terms of the coefficients as follows :— 


3 
g° + 3, oe 30 = 0. 


10. To form, in terms of Z and 1/, the equation whose roots are the seal of 
the differences of the roots of the general cubic equation. 
Let 


= (a — B)’; . 
hence, by former results, 

V/ — 3¢ = wL — wo? M. 
Rationalizing this, we obtain 


- Boe \2 
o(p - Lay + === =o, 


which is the required equation. 
In a similar manner, by the aid of the results of Ex. 8, the equation of 
squared differences of this equation, or the equation whose roots are ee 


(8—+y)?(2a-B-vy)?, (y-a)?(28-y-a)’, (a—B)’(2y—a— 8), 


is obtained by substituting — Z? and — Mf? for M and TZ, respectively, in the last 
equation ; and this process may be repeated any number of times. Finally, all 
_ these equations may be easily expressed in terms of the coefficients of the cubic by 
_ means of the relations 


LM=-9= 


G 
=> and 8+ M?=- 27 


a 


For instance, the first equation is 


di\* G? + 4H 
o(o+ 955) ao 
(Cf. Art. 42.) / 


i2 


116 Algebraic Solution of the Cubie and Biquadratic. 


11. Ifa, 8, y and a’, B’, 7’ be the roots of the cubic equations 
ax> + 3bx? + 38ex +d =0, | 
ae + 3b'2? + 8cr+d' =0; 
to form the equation which has for roots the six values of the function 
= aa’ + BB’ + vy’. 


The easiest mode of procedure is first to form the corresponding equation for the 
cubics deprived of their second terms, viz., ; 


84+ 3Hz+G=0, 24 3H’2:+G4=0, 


and thence deduce the equation in the general case; for in the case of the cubics so 
transformed the corresponding function 


o = (aa + 5) (aa! + b’) + (aB + b) (a’B’ + 0’) + (ay + B) (ay + OY 
= aa'p — 30’. 


Substituting for the roots of the transformed equations their values expressed by 
radicals, we have 


go= (SD tV ) (SB + V7) + (wA/ p +0? 4/9) (w/o + 0? 4/7) 
+ (a? “Sp + wX/q) (w/p' + 0r/9)s 


which reduces to 
3 Jy sear ae 
go = 3(\/ pq’ +/ 074): 
Cubing this, we find 
$0? 274/ pqp'y’ go — 27 (pq' + p'g) = 0. 
Now, substituting for y and g, p’ and q’, their values given by the equations 
2’4+Ge-H?=0, #24+@2e-H®=0, 


we have the six values of oo given by the two cubic equations 


97 “=a ana 
go? — 27 HH’ oo —", (@G' + ad »/ Ad’) =0, 


where 
aA=G?+4H%, and a?A’= G2 44H", 


Finally, substituting for ¢o its value aap — 3bb’, and multiplying these cubics 
together, we have the required equation. It may be noticed that if one of the cubics 
le -1=0, ¢6=a+ 8 + w*y, &c., which case has been already considered in 
Ex. 9. Mr. M. Roberts, Dublin Exam. Papers, 1855. 
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12, Form the equation whose roots are the several values of p, where 
eT BY 
a—(1+p)B+py=0; 
substituting for a, 8, y, their values in terms of y, g, and putting 


Since 


A=1-(1+p)o+ pw, w=1—- (1+ p)w* + po, 
r ane oe 
rp + mq = 0. 
Cubing, and substituting for p, g their values, 
G (a3 + p3) + a4/ A (a3— w3) = 0. 


we have 


Squaring, 
aA us = H3(a3 + 3)”, 
and by previous results 


Ap = 3(1+ptp?), A+ yu =— 227p(1 + p); 
substituting these values, we have the required equation 
aA (1 + p+ p®)? — 27H3(p + p?) = 0. 
13. Find the relation between the coefficients of the cubics 
avs + 3bx*> + 3cex +d =0, 
Wx'> + 3b'x" + 3c'z’ +d’ =0, 
when the roots are connected by the equation 
a(B’ — y’) + Bly’ — a’) + y(a’ — B’) = 0. 
Multiplying by w — w?, this equation becomes 
IM’ = I'M. 
Cubing, and introducing the coefficients, we find 


CH" = G’? H3, 
the required relation. 


14. Determine the condition in terms of the roots and coefficients that the 
eubics of Ex. 13 should become identical by the linear transformation 


v= pet. 
In this case 
aw=pat+g, B=pB+ 9, y'=pyt7. 


Eliminating p and q, we have 
By’ — By + yal se ya + ap’ ms a’B iio 0, 


which is the function of the roots considered in the last example. This relation, 
moreover, is unchanged if for a, B, y; a, B’, y’, we substitute 


la +m, (IB +m, ly +m, 
Va'+m', Uplt+m, Uy’'+wm; 
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whence we may consider the cubics in the last example under the simple forms 
32+ 3Hz+G=0, 23+ 3H’2’+ G=0, 


obtained by the linear transformations z=az +, 2’ = a'x' +0’; for if the condition 
holds for the roots of the former equations, it must hold for the roots of the latter. 
Now putting « = iz, these equations become identical if 
H'=FPH, @=PR6; 
whence, eliminating /, 
G2H® — GHB 


is the required condition, the same as that obtained in Ex. 13. It may be observed 


that the reducing quadratics of the cubics necessarily become identical by the same _ 


transformation, viz., 


FS ae Pee: 
Gr (aa + bi) = & (ae + 4). 

V 60. Homographic Relation between two Roots of a 
Cubice.— Before proceeding to the discussion of the biquadratic 


we prove the following important proposition relative to the 
cubic :— 


The roots of the cubic are connected in pairs by a homographie 
relation in terms of the coefficients. 


Referring to Exs. 18, 14, Art. 27, we have the relations 
a{ (B= y+ (y-a)?+ (a—B)"}= 18(a2 - aoa), 
ay” {a (8 — y) + B (y- a)’ + y (a- B)’} 
a? {a°(B - y)* + By - a)? + (a - B)"} = 18(ae - aay) 

Using the notation 


9 (ay As — A A) ’ 


Ay Az — a” = H, - Ay As — AA, = 2, 0,3 — Of = H,; 
multiplying the above equations by a3, — (a+ 3), 1, respectively, 
and adding; since 

a’ —a(a+PB)+aB=0, B’- B(a+ BP) + af =), 
we have 


ay’ ((3 — y)(y — a)(a — B)’= 18{ HaB + Hi(a + B) + A}; 
but 


ao‘ (8 — y)* (y -a)?(a - B)* = - 274 = 108 (HH, - H,’) 
(see Art. 42); whence 


4 
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and, therefore, 
ropa ror A 
Hep +(H+5 ff)e+ (5-3) +m =0, 


which is the required homographic relation. It is to be ob- 
served that the coefficients in this equation involve one irrational 
quantity, the second sign of which will give the relation be- 
tween a different pair of the roots. 

v 61. First Solution by Radicals of the Biquadratiec. 
Euler’s Assumption.— Let the biquadratic equation 


axt + 4bx° + Ger? + 4da +e =0 
be put under the form (Art. 37) 
3+ 6H2?+ 4G2+@lI- 3H’ =0, 
where s = ax + b, 
He=ac-0’*, IL=ae—-4bd+ 30, G=a@d - 8abe + 26. 


To solve this equation (a biquadratic wanting the second 
term) Euler assumes as the general expression for a root 


s=/pt/qt/r. 
Squaring, 2 ne eee 
2 —p—g—ra=2(fq/rtS/r/pt pry) 


Squaring again, and reducing, we obtain the equation 
2! 2(p+qtr)s—-82./p fq /rt(ptq+r)—4(qr+rp+pq) =0. 
Comparing this equation with the former, we have 


Bhs gency 
p+qt+r=- 3H, gr+ 1p + pq= 8H? -—, JB Sa/*=-3; 


and consequently p, g, 7 are the roots of the equation 


2 2 
e+ ane s(ame-\r-F- 0; (1) 
or, since 
—- G?=4H*-@HI+ ad, (Art. 37), 
where 


J = ace + 2bed - ad? - eb? - &’, 
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this equation may be written in the form 

4(¢+ H)*-@I(¢+ H)+aJ=0; 
and finally, putting ¢+H-= a0, we obtain the equation 

4a°0° — Ia0 + J=0. (2) 

This is called the reducing cubic of the biquadratic equation ; and 
will in what follows be referred to by that name. When it is 
necessary to make a distinction between the cubics (1) and (2), 
we shall refer to the former as Euler’s cubic. 


Also, since ¢=0'-ac+a°0; if 6,, 02,0; be the roots of the 
reducing cubic, we have 


p=P-ac+@0, gq=-ac+a’0., r=0-—ac+a’),; 


and, therefore, 


z= ./ 0 —ac+a°0, + ./0'—ac + a0, + /b?- ac+ ad. 


If this formula be taken to represent a root of the biquadra- 
tic in z, it must be observed that the radicals involved have not 
complete generality ; for if they had, eight values of s in place 
of four would be given by the formula. The proper limitation 
is imposed by the relation 


— fp G 
SPSAG Sf? = - 9? 
which (lost sight of in squaring to obtain the value of pg) 


requires such signs to be attached to each of the quantities 


SP, Aq V7, that their product may maintain the sign deter- 
mined by the above equation; thus, 


VPS 9S t= SBM) (-V1) = (VP) 9 (-V2) 
= VP\(-/9) Sr 


are all the possible combinations of ,/p, \/q, /r fulfilling 


this condition, provided that ,/p, ,/q, ,/r retain the same signs 
throughout, whatever those signs may be. We may, however, 
remove all ambiguity as regards sign, and express in a single 


a 


a ea ee a ai ae 
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algebraic formula the four values of s, by eliminating one of the 


quantities JS Dy 4, fr from the assumed value of s by means 
of the relation given above, and leaving the other two quanti- 
ties unrestricted in sign. ‘The expression for z becomes therefore 


2-/p+/1- 


G 
2./p J/g 


a formula free from all ambiguity, since it gives four, and only 


four, values of zs when ,/p and ./g receive their double signs: 
the sign given to each of these in the two first terms deter- 
mining that which must be attached to it in the denominator of 
the third term. And finally, restoring to p, g, and z their values 
given before, we have 


aa +b =./8-ac+a0,+ /P -ac+a’b, 
G 
2/0 - ace + @0,./ 0 -ac+ ab, 


as the complete algebraic solution of the biquadratic equation; 
9, and @, being roots of the equation 


4° 0° —- Ia0+ J =0. 


To assist the student in justifying Huler’s apparently arbi- 
trary assumption as to the form of solution of the biquadratic, 
we remark that, the second term of the equation in s being 
absent, the sum of the four roots is zero, or 2%, + 22 + 23+ %= 03 
and consequently the functions (z, + 22)*, &c., of which there are 
in general six (the combinations of four quantities two and two), 
are in this case reduced to three; so that we may assume 

(So + 23)? = (81 + &)? = 4p, 
(%3 + 2)? = (22 + &)? = 4q, 
(8, + 22)? = (&3 + 2%)? = 47; 


from which we have s, 22, 23, 21, included in the formula 


Spt Sqt/r. 
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We now proceed to express the roots of Euler’s cubic (1), 
and also those of the reducing cubic (2), in terms of the roots. 
a, 3, y, 0 of the given biquadratic in 2 Attending to the re- 
marks above made with reference to the signs of the radicals, we — 
may write the four values of s = az + 6 as follows :— | 


aatb= Sp-VJfq- v7, 
a +b=-/f/p+/q-V/", 
oy HORT J 
a+b= Spt Jf/qt Vr; 


from which may be immediately derived the following expres- 
sions for p, g, r the roots of Euler’s cubic :— 


(3) 


a x 
p=7e(Bt+y-a- 8)’, 
: 2 
i ie : 
a= oly +a-B- 8), (4) 


2 


a \9 
r= 76 (a+ B-y-y. 


Subtracting in pairs the equations (3), and making use of 
the relations above written between p, g, 7 and 01, 02, 0;, we 
easily establish the following useful relations connecting the 
differences of the roots of the cubics (1) and (2) with the diffe- 
rences of the roots of the biquadratic :— 


4(q - r) = 40°(0, - 6,) = - a(8 - y) (a-8), 
4( — p) = 4a°(0-0,)=-a%(y-a)(B-3), (5) 
4(p— q) = 40°(6:- 0;) = — a’ (a - B)(y—9). 


Finally, from these equations, by aid of the relation 
6, + 0,+ 0; = 0, we derive the values of 6,, 0., 6; in terms of 


a, B, y, 6, Viz., 
i= — ABE) (a= Bil 2 
126, = (a - B)(y - 8) - (B- y)(a- 9), (6) 
126; = ({3 - y)(a — 0) - (y - a)(B-9). 
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EXAMPLES. 
1. Show that the two biquadratic equations 


Aout + 642274 4A3x4+ A44=0 


have the same reducing cubic. 
_ 2. Find the reducing cubic of the two biquadratic equations 


at — 61a? + 84 4/ B+ m3 + n3 — 3lmn + 3(4mn — 2) = 0. 
Ans. & — 3mn@ — (m? + n°) = 0. 
3. Prove that the eight roots of the equation 
{x*— 6a + 3(4mn — 1?) }? = 64 (23 + m® + n3 — 31mn) x? 


are given by the formula 


fit m+ nt Jit om + an +/+ wm + on. 


(Compare Ex. 20, p. 34.) 
4. If the expression 


fi +m+n+r/l+om taintr/l + wm+ won 
be a root of the equation 
i+ 6Hz + 442+ a°I- 3H*=0, 


determine H, J, J in terms of /, m, n. 
Any. H=-1, I=12mn, J=—4(m3 +n’). 


5. Write down the formulas expressing the root of a biquadratic in the parti- 
cular cases when J = 0, and J= 0. 


6. If the biquadratic has two equal roots, prove that the reducing cubic has two 
equal roots, and conversely. 


7. If the biquadratic has three roots equal, prove that all the roots of the 
reducing cubic vanish, and consequently J = 0, J = 0. 


8. If the biquadratic has two distinct pairs of equal roots, prove that two of the 
roots of Euler’s cubic vanish, and consequently G=0, #J—12H?=0. 


9. Prove the following relations between the biquadratic and Euler’s cubic with 
respect to the nature of the roots :— 
(1). When the roots of the biquadratic are all real, the roots of Euler’s cubic 
are all real and positive. 
(2). When the roots of the biquadratic are all imaginary, the roots of Euler’s 
cubic are all real, two being negative and one positive. 
(3). When the biquadratic has two real and two imaginary roots, Euler’s 
cubic has two imaginary roots and one real positive root. 
These results follow readily from equations (4) when the proper forms are sub- 
stituted for a, 8, y, 8 in the values of p, g, 7. It is to be observed that all possible 
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cases are here comprised, the biquadratic being supposed not to have equal roots. 
It follows that the converse of each of these propositions is true. Hence, if Euler’s 
cubic has all its roots real and positive, we may conclude that all the roots of the 
biquadratic are real; if Euler’s cubic has negative roots, we conclude that all the 
roots of the biquadratic are imaginary ; and if Euler’s cubic has imaginary roots, 
we conclude that the biquadratic has two real and two imaginary roots. 


10. Prove that the roots of the biquadratic and the roots of the reducing cubic 
are connected by the following relations :— 


(1). When the roots of the biquadratic are either all real, or all imaginary, 
the roots of the reducing cubic are all real; and, conversely, when the roots of 
the reducing cubic are all real, the roots of the biquadratic are either all real or 
all imaginary. 

(2). When the biquadratic has two real, and two imaginary roots, the reduc- 
ing cubic has two imaginary roots; and, conversely, when the reducing cubic has 
imaginary roots, the biquadratic has two real and two imaginary roots. 


These results follow readily from the preceding example, since the roots of 
the two cubics (1) and (2) are connected by a real linear relation. 


11. If H is positive, the biquadratic must have imaginary roots. 


For in that case the roots of Euler’s cubic cannot be all positive. 


12. If is negative, the biquadratic has two real and two imaginary roots. 


For the reducing cubic has in that case two imaginary roots (Ex. 12, p. 33). 


13. If H and J are both positive, all the roots of the biquadratic are imaginary. 


For, since J is positive, the reducing cubic has a real negative root; there- 
fore also Euler’s cubic has a real negative root, since ¢ = a?0 — H, and H is posi- 
tive ; and this is case (2) of Ex. 9. It is implied in this proof that the leading 
coefficient a is positive ; if aJ be substituted for Jin the statement of the proposition 
no restriction as to the sign of a@ is necessary. 


14. Express, by the aid of the reducing cubic, Zand Jin terms of the differences 
of the roots a, B, y, 5. (See Exs. 16, 18, Art. 27.) 


15. Express the product of the squares of the differences of the roots a, B, y, 5 
in terms of J and J. 


By means of the equations (5) above given, and the equation (2), p. 82, we ob- 
tain the result as follows :— 


a° (B— vy)? (y — a)” (a — B)® (a — 8)? (8-8)? (y — 8)? = 256 (13 — 277?) 

16. What is the quantity under the final square root (viz., that which occurs 
under the cube root in the solution of the reducing cubic) in the formula expressing 
a root ? Ans. 27J? — 

17. Prove that the coefficients of the equation of squared differences of the 


biquadratic equation aox* + 4a: 23 + 6a,%* + 4a34 + 4,= 0 may be expressed in 
terms a, H, J, and J. 
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Removing the second term from the equation, we obtain 


6H 4G ao? I — 3H? 
Cua gee — ————____——_ = : 
ea het 0; 
and changing the signs of the roots, we have 
6H 4G ao’ I — 3H? 
y+—y-—y+ ——— =0. 


ao? aot 


These transformations leave the functions (a — 8)? &c., unaltered; but @ 
becomes — G, the other coefficients of the latter equation remaining unchanged ; 
therefore G can enter the coefficients of the equation of squared differences in even 
powers only. And by aid of the identity of Art. 37, G? may be eliminated, intro- 
ducing a, H, J, J. Inasimilar manner we may prove that every even function 
of the differences of the roots a, B, y, 5 may be expressed in terms of a, H, J, J, 
the function G of odd degree not entering. 


Y/Y 62. Second Solution by Radicals of the Biqua- 
dratie.—Let the biquadratic equation 


ax + 4bx* + 6cx? + 4dx +e = 0 
be put, as before, under the form 
s+ 6H2? +4Gs+@I- 3H =0, 


where 3 = aa + b. 
‘We now assume as the general expression for a root of this 


equation wee ‘a ee 
caf g/t tJfr/pt/P/G 


a formula involving three independent radicals, ,/p, /q, /r. 
Squaring twice, and reducing, we have 


(s°— gr — rp — pq)’ = 4pqr(2s+pt+9qtr), 
or 
2 —2(qr+ rp + pq) 2 — 8pqre + (gr + rp + py)’ —4(p+qtr)pgr =0. 


— 


Comparing this equation with the former equation in z, we 
easily find 
wl —12H* 


gr+rpt+pq=-8H, por=-s, ptqtr= 7s ea 


whence p, g, 7 are the roots of the equation 
2G#+ (12H? - vl)? -6HGt+ G’=0. 
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This equation may be readily transformed into Kuler’s cubic, 


or making directly the substitution 
eee jaa 
H-a? 


and putting for G* its value in terms of H, J, and J, we may 
reduce it to the standard form of the reducing cubic, viz., 


40° 6 - [a0 + J=0. 


It is important to observe that in the present method of so- 
lution we meet with no ambiguity corresponding to that of 
Art.61; for the expression here assumed as the value of z has, in 
virtue of the double signs of the radicals contained in it, only 
four values, while the form assumed for z in the preceding Article 
has eight values. This appears from the identical equation 


LARVAE VARA REVAL ACA REVAL TVAD ted dak Eel 


which shows that the number of distinct values of the radical 
expression of the present Article is the same as the number of 


values of (\/p + /q + /r)’, namely four. 
In order to express p, 7, 7 in terms of the roots a, 3, y, 6 of 
the biquadratic, we have, giving to x the four values a, (3, y, 6, 


s=aat+b= VG/r-JSr/p- Spo 
= AB + b=-VSg/r+ Jr Jp - SPV 
z= dy t+ ba- JS g/r- Sr /p + JP Vt 
saad + b= Sq/rtVr/p + J PVF 


The student may easily satisfy himself that no combination 
of the signs of the radicals can lead to any value different from 
these four. 

From the values of 2, +s; — 2, — 24, and 2.2;-2,2,, we obtain 


a(B+y-a-8)=-4/qy/", 
a® (by - ad) +. ab(B + y-a-8)=4p Sqr. 


I eee eee 
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From these and similar equations we have, employing the rela- 
tion G = — 2pgr, the following modes of expressing p, g, 7 in 
terms of the roots a, B, y, 6 :— 


By -ad 8G 


fe, a) G+ 7-0-8)” 
es ae 8G 

oe Gia 68” 
ab- ye 8G 


Y 63. Resolution of the Quartic into its Quadratic 
Factors.—Let the quartic 


av’ + 4bx’ + 6cr* + 4dr +e 


be supposed to be expressed as the difference of two squares* in 
the form 
(ax* + 2be + ¢ + 2a0)? — (2Mx + N)’. 


Multiplying the given quartic by a, and comparing it with 
this expression, we have the following equations to determine 
M, N, and @:— 

M’=68 -ac+a@0, MN =be-ad+ 2ab0, N*= (c+2a6)? - ae. 

Eliminating M and JN from these equations, we find 

4a° 0° — (ae — 4bd + 8c*) a0 + ace + 2bed - ad’ — eb’ - = 0, 


which is the reducing cubic before obtained. 

From this equation we have three values of @ (0,, 02, 9), 
with three corresponding values of I’, WN, N’; and thus all 
the coefficients of the assumed form for the quartic are deter- 


* The reduction of the quartic to the difference of two squares was the method 
first employed for the solution of the equation of the fourth degree. This mode of 
solution is due to Ferrari, although by some writers ascribed to Simpson (see Note A). 
The method explained in the following Article, in which the quartic is equated 
directly to the product of two quadratic factors, is due to Descartes. 
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mined in three distinct ways; moreover, it should be noticed 
that to each value of If corresponds a single value of NV, since | 


MN = be - ad + 2ab0. 
The quartic 
(ax* + 2be +0 + 2a8)? - (2Mx + N)’ 


may plainly be resolved into the two quadratic factors 
axv’?+2(b-M)x+¢+2a0-N, 
av’ +2(b+M)xv+c+2a0+N. 


When 9 receives the three values 6,, 02, 6;, we obtain the three 


pairs of quadratic factors of the original quartic, and the problem 
is completely solved. 


In order to make clear the connexion between the present 
solution and the solution by radicals, let us suppose that the 
roots of the quadratic factors in the order above written are 
B, y and a,é; and that the roots of the remaining pairs of qua- 
dratic factors are similarly y, a and 3,6; a, Sand y, 0. We 
have, therefore, 


B+y=-~(0-I), y+a=—(b- Ih), a+B=-~(b-M), 


a+8=-= (6+), B+8--= (b+',), y+d=-" (6+ H), 

where 

M,=f/-ac+@0, M=/f/-ac+@6,, M,=./0 -ac + 070. 
Subtracting the last equations in pairs, we find 


M, M. M; 


pry -a-o=4—, vid be oes a+ ~¥~ Oats 
and since 

atBryt8=-4°, 
we obtain 


dat+b=-M+M+HU, 
a3+b= M,-M,+ NM, 
Qy+b= M+wN,- HL, 
ad+b=-N,-M,- M.,. 


2 TTR OAL LET SO PTT 
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It appears, therefore, that the roots of the biquadratic are here 
expressed separately by formulas analogous to those of Art. 61. 
The values of I’, viz. Mf”, M.’, M;°, are in fact identical with 
the roots of Huler’s cuibo in the preceding Article. There 
exists also with regard to the signs of the radicals involved in 
M,, U,, UM; a restriction similar to that of Art. 61; since, in 
virtue of the assumptions above made with respect to the roots 
of the quadratic factors, we have the equation 


a@(8+y-a-0)(y+a-B—6) (a+P—y—60)=64 IM, 
which implies the following relation (see Ex. 20, p. 52) :— 
M, MM; = 3G; 


and by means of this relation the signs of If, W,, WW; are re- 
stricted in the manner explained in the previous Article. 

By aid of the equation last written we can eliminate I, 
from the expressions for the roots, and thus obtain, as in Art. 61, 
all the roots of the biquadratic in a single formula, viz., 


G 


O50 EO Ta cae 


in which the radicals I, =,/0?-ac +a°0,, and U,=./ 0? — ac + a0, 


are taken in complete generality. 


EXAMPLEs. 
1. Form the equation whose roots are A, m, v, Viz., 
By +03, yat+ Bd, aB+~7é. 
Adding the last coefficients of the quadratic factors of the quartic, we have 


By + ad = 401 $2<, 
ya + BB= 402 + 2, 


c 
aB + y8= 403+ 2 os 


where 61, 62, 63 are the roots of the reducing cubic ; hence the required equation. 


Ans. (ax — 2c)8 — 41 (ax — 2c)+ 167=0. 
(Compare Exs, 4, 5, Art. 39.) 


K 


130 Algebraic Solution of the Cubie and Biquadratie. 


2. Express, by means of the equations of the preceding example, the roots of 
the reducing cubic in terms of the roots of the biquadratic. 


Substituting for = its value in terms of a, B, y, 5, we find immediately 


120:=2A—p—v=(y— a) (8-8) —- (2-8) (y— 9), 

1202 =24-v—A=(a-— 8B) (y — 5) — (8B — y) (a — 4), 

1263 = 2y -A—p=(B—-)(a — 8) — (y — a) (B — 8). 
(Cf. (6), Art. 61.) 

3. Verify, by means of the expressions for 61, 02, @3 in Ex. 1, the conclusions of 
Ex. 10, Art. 61, with respect to the manner in which the roots of the biquadratic 
and reducing cubic are related. 

4. Form the equation whose roots are the functions 


5 (By—ad)(B+y—a-), y(ya—Bd)(yt+a—B—8), ¥%(aB—yd)(a+B—y—8). 
From the quadratic factors of the quartic we find 


also 
MM, = be — ad + 2ab = — a* pi, 
the roots of the required cubic being represented by ¢1, ¢2, $3. 
We obtain, therefore, the required equation by a linear transformation of the 
reducing cubic. 
Ans. (a? + be — ad)3 — BI (a*p + be — ad) — 26°F = 0. 


5. Form the equation whose roots are 


By — ad ya — BS a8 — ys 
B+y-a-8 yt+ta-B-8 a+B-y-5d 
If @ denote any one of these functions indifferently, and @ the corresponding root 
of the reducing cubic, we have, employing former results, 


9 _ UN _be—-ad+ 2ab0 
sian 5 Se B—ac+aze ’ 


and thus we obtain the required equation by a homographic transformation of the 
reducing cubic. This formula may be put under the more convenient form 


1 


ap+b= m7 ge 
by means of which we obtain the required cubic in the following form :— 
2G (ag + b)3 + (@I— 12H) (ag + 6)? - 6HG (ag + b) — G? =0, 
which, expanded and divided by a*, becomes 
26g + (a®e + 6b2¢ —9ac® + 2abd) p* + 2 (abe + 202d — 3acd) p + b*e-—ad?=0. 


(Cf. Ex. 14, p. 88.) 
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6. Form the equation whose roots are 


a a 
© (By— ai)", “ (ya—Bd), F(ab —8)* 


m1 


These are the three values of WN? in the foregoing Article. Representing, as 
before, one of these values by ¢, we find that the required equation may be obtained 
from the reducing cubic by means of the homographic transformation 


iy 2 bed — ad? — eb? +4abd0 
= e— ae 


7. Form the equation whose roots are 


By — ad ya — BS aB—75 
(B+7)a5—(a+8)By (y+a)Bd—(B+8)ya (a+ 8) y5—(y+5)aB 


The required equation is obtained from the reducing cubic by the homographic 
transformation 


_ ed — be +2ad0 
~ d%—ce+aee- 


2p 


This result may be derived from Ex. 5 by changing the roots into their recipro- 
cals, and making the corresponding changes in the coefficients. 


Y 64. The Resolution of the Quartic into Quadratic 
Factors. Second Method.—Let the quartic 


ax’ + 4bx* + 6cx’ + 4dx + e 
be supposed to be resolved into the quadratic factors 
a(x? + Qype + gq) (x? + 2p'e + 7’). 


We have, by comparing these two forms, the equations 


b Cc d e 
ra , gees. ail , Rae sett, 
ptp o- q+q+ 4pp ee ee ae Seu (1) 


If now we had any fifth equation of the form 


F(p, q; w, 7’) = g, 


we could eliminate p, py’, g, q’; and thus find an equation giving 
the several values of ¢. 

Le The fifth equation might be assumed to be pp’ = 4, or g + 7’ 
=; and in each case would be determined by a cubic equa- 
tion, since each of these functions, when expressed in terms of 


K2 
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the roots of the biquadratic, has three values only. It is more 
convenient, however, to assume 


Deir f (z+ = 
aes Pp = 4\% VA 


the two functions of p, p’, g, ¢’ here involved being equal by the 
second of equations (1). We easily find, by the aid of those 
equations, 

_ 4abe — 2a°d x 869 | 


a® a 


and eliminating p, p’, q, 7, by means of the identical relation 
(p? + p”)(q? + 9”) = (pe - wg)’ + (pa + VG)’; 
there results the equation 


[T= ae-yba+ ze? 
33 se 
J=acer2bed-akt ich? 4a°p —~lap+ J=0, 


which is the reducing cubic obtained by the previous methods 
of solution. 

Having thus found pp’, or q + gq’, we may complete the 
resolution of the quartic by means of the equations (1). 

The reason for the assumption above made with regard to 
the form of the fifth equation is obvious. From a comparison 
of the assumed values of ¢ with the equations of Ex. 1, Art. 63, 
it appears that ¢ is the same as @ in the preceding Article; and 
therefore we foresee that the elimination of p, p’, g, ¢, must lead 
to an equation in ¢ identical with the reducing cubic before 
obtained. In general, if ¢ represent any function of the differ- 
ences of A, uw, v, and consequently an even function of the differ- 
ences of a, (3, y, 6 (see Ex. 18, Art. 27), the equation whose 
roots are the different values of @ cannot involve any functions 
of the coefficients except a, H, J, and J. 

If @ be assumed equal to any of the expressions in the second 
of the following examples, the equation in whose roots are the 
different values of this ak rin sie is formed as in the above i in- 
stance by the elimination of p, p’, q, q’. 
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EXAMPLES. 
1, Resolve into quadratic factors 
2+ 6H2? + 4G2 +I — 3H?. 
Comparing this form with the product 
(2? + 2pz + 9) (2? — 2pz + q/), 
we find the following equation for p :— 


27 
4p® + 12H p* + 12( 2 - a p—-G=0; 


and putting 
ap=p+H=4(¢+9'-2H), 
this equation, when divided by a*, becomes 
4a° 9° — Iap + J= 0. 
2. If a quartic be resolved into the two quadratic factors 
P+ pet+g, + pa+d, 
prove that ¢ is determined by a cubic equation when it has all possible values corre- 
sponding to each of the following types :— 
oo WPS Pe HP" 
2 Pee ee 
(p-p)*, (p-—y)a-7) (¢-9)*, (pe’—v'9)*; 


and by an equation of the sixth degree when it has all values corresponding to 


q+”; 


> 


2% P-D, 9-7, py —-wq, or pe —4g¢. 


Expressing these functions in terms of the roots, the number of possible values of 
each function becomes apparent. 


65. Transformation of the Biquadratic into the 
Reciprocal Form.—To effect this transformation we make 
the linear substitution x = ky + p in the equation 


act + Aba? + 6cx* + 4dx+e=0, 
which then assumes the form 


akty* + 4U, k’y? + 6U,k?y? + 4U3ky + U, = 0, 
where 


U,=ap +b, U,=ap?+2bp+e¢, U;=ap'+3bp*+ 3cp+d, Ke. 
(Cf. Art. 35.) If this equation be reciprocal, we have two equa- 
tions to determine / and p, viz., 


ak* = Ui, kU, = ks; 
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eliminating /, we have the following equation for p :— 


au; - UPU,=0; 
and since 
_ OU, _ ap? + 3bp’ + 8e0 +d 
ie ria os ap + b : 
there are two values of /, equal with opposite signs, correspond- 
ing to each value of p. | 
The equation 


k2 


au; - UU, =0, 
when reduced by the substitutions (Arts. 36, 37) 
@U;= U3 +3HU, + G, 
“eU,= Ui + 6HU? +440, + @l- 3H’, 


becomes 
2GU,> + (@#I - 12H’) UY - 6GHTU, - G* = 0, (1) 


which is a cubic equation determining U;=ap+b; and if we put 
wO- 
6 is determined by the standard reducing cubic 

40° — Ia0+ J =0. 


This transformation* may be employed to solve the biqua- 
dratic; and it is important to observe that the cubic (1) which 
here presents itself differs from the cubic of Art. 62 only in 
having roots with contrary signs. 

We proceed now to express / and p in terms of a, (3, y, 6, the 
roots of the biquadratic equation. Since the equation in y, 
obtained by putting # = ky + p, is reciprocal, its roots are of the 


ap+b= 


1 1 ss 
form 71, 4/2, —,—; hence we may write 
Y2 Yi 


1 1 
a=hky+p, B=kypt+p, y=k—+p, d=k—+9; 
Y2 Yi 


* This method of solving the biquadratic by transforming it to the reciprocal 
form was given by Mr. 8. 8. Greatheed in the Camb. Math. Journ., vol. i. 


x 
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and, therefore, 
(a - p)(8-p) =(B- p)(y-p) =, 
from which we find 
a By —ao 
an 6) 2 a o 


pe - (1-9 (B-8)(a-B)(y-8) 


aod | ? (B+y-a- 6p 


An important geometrical interpretation may be given to 
the quantities / and p which enter into this transformation. 
Let the distances OA, OB, OC, OD, of four points A, B, C, D, 
on a right line from a fixed origin O on the line be determined 
by the roots a, 3, y, 6, of the equation 


ax + 4bx®? + 6ca? +4de+e=0; 
also let O,, O., O; be the centres; and M, FP’; Ff, Fy; Fy, Fy, 


the foci of the three systems of involution determined by the 
three following pairs of quadratics :— 


(e@- B)(w@-y)=0, (w-a)(x- 8) = 0; 
(e-y)(e-a)=0, (w-B)(- 8) = 9; 
(w@-a)(r-f)=90, (e-y)(e- 8) =9. 
We have then the equations 

—OB.0,0 = 0,4. 0D = OF, &e., 

which, transformed and compared with the equations 
(8 — p)(y -p) = (a-p)(0-p) =, &e., 

prove that the three values of p are OO,, OO:, OO;, the distances 

of the three centres of involution from the fixed origin 0. Also 


since OF” = k’, k has six values represented geometrically by 
the distances 


OF,, OF; O.F2, O.F,; OF, O3Fs, 


where O,F, + 0,F/ = 0, &e., as the distances are measured in 


opposite directions. 
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We can from geometrical considerations alone find the posi- 
tions of the centres and foci of involution in terms of a, B, y, 8 
and thusjconfirm the results just established, as follows :— 

Since the systems {M@BF/C} and {/,AF/D} are harmonic, 

2 1 1 1 coe 
Wi HR MO al AD 
and if x represent the distance of /, or F,’ from the fixed origin 
O, we have 
1 1 : 1 
Fe eee ea ae 


Solving this equation, we find 


por, /=(y=a) (B-8)(a-B) (7-9), 


By At B+y-a—-8 
or zg=ptk, 
whence p= Saiki mitt k=+ came + OF. 
2 2 
EXAMPLE. 


Transform the cubic 


ax® + 362? + 8er +d 
to the reciprocal form. 


The assumption # = ky + p leads to the equation 
— GU3 + 3H? U;* + H%=0, where Ui = ap + 6. 
The values of p are easily seen to be 


py ya — B® a8 — y* 
B+y—20 y+t+a—-28? a+B-27 


The geometrical interpretation in this case is, that if three points 4’, B’, C’ be 
taken on the axis such that .4’ is the harmonic conjugate of 4 with respect to 
B and C, B’ of B with respect to C and A, and C’ of C with respect to 4 and B; 
then we have the following values of p and k:— 


OA + 0A’ OA-—OA' 
fig ay eos 


For the values of 0A’, OB’, OC’, in terms of a, B, y, see Ex. 13, p. 88. 


Solution of the Biquadratie by Symmetric Functions. 137 


66. Solution of the Biquadratic by Symmetric Func- 
tions of the Roots.—The possibility of reducing the solution 
of the biquadratic to that of a cubic by the present method de- 
pends on the possibility of forming functions of the four roots 
a, 3, y, 8, which admit of only three values when these roots are 
interchanged inevery way. It will beseen on referring to Ex. 2, 
Art. 64, that several functions of this nature exist. These, like 
the analogous functions of Art. 59, possess an important pro- 
perty to be proved hereafter, viz., any two such sets of three are 
so related that any one function of either set is connected with 
some one function of the other set by a rational homographic 
relation in terms of the coefficients. 

For the purposes of the present solution we employ the 
functions already referred to in Art. 55, since they lead in the 
most direct manner to the expressions for the roots of the bi- 
quadratic in terms of the coefficients. We proceed accordingly 
to form the equation whose roots are the three values of 


(* + 0B + Oy + 6 4) 
heel Teer etn) 


when the roots are interchanged in every way, and 9=-1. 
These values are 


ca | al ty = (2 Sch a — (* ac oa abe a 


4 4. : 
and since 


(8+y-a- 6) = 3a?+2rA- 2 - 2p, 


3(a—)* = 82a! — 2A 2p -2v =-48-—, 


we find the following values of 4, t2, t;:— 


2\-n-v 2u-v-A HH nen 
+ ee 12 a’ 12 a’ 


whence ith+tz=-3 = 


9 
4 
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Again, since 


3 
= (2u—v—X) (2y-A-p)=— 8+ p+ v?— py vA—Ap)=— 5 E(u - v)’, 
and = (u—v)? = 24 - 
we have 
f  Seeaees | 3H’ 8 
fatst toh t+hh=3—— = 9g 2 (HU =a ze 4a?’ 
Ge 
also tit.t; = as" 


Hence the equation whose roots are ¢,, f2, ¢; becomes 


G? 


2 
(wt) + BH (wtp +(8Hl* - F) @ - F=0; 


or, substituting for G? its value from Art. 37, 
4(@t+H)-@I(wWt+H)+aJ=0, 


which is transformed into the standard reducing cubic by the 
substitution a’t+ H=a’0. 
To determine a, [3, y, 6 we have the following equations :— 


-atB+y-8=47/h, a-B+y-8=4VAb, at+B-y—-8=4./h, 
along with at B+y+d=-40; 
from which we find 


a=- == fit /h+ A tsy 
pe 
rt 
8=--- St- VJ t,- ft, 
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We have also from the above values of »/t;, Wt, t; the 
equation 


es ee 
Vb A bb = 5 


by means of which one radical can be expressed in terms of the 
other two, and the general formula for a root shown to be the 
same as those previously given. 

It is convenient, in connexion with the subject of this Article, 
to give some account of two functions of the roots of the biqua- 
dratic which possess properties analogous to those established in 
Art. 59 for corresponding functions of the roots of a cubic. 
Adopting a notation similar to that of the Article referred to, 
we may write these functions in terms of A, », v in the follow- 
ing form :— 


L = (Py + a8) + w (ya + (30) + w? (af3 + yd), 
M = (By + ad) + 0? (yat 88) +w (a3 +ye). 


By means of the equations of Ex. 1, Art. 63, these functions 
_ can be expressed in terms of the roots of the reducing cubic in 
the form 


tL=0, + wf, + w? 05, +M= 0, + w*8, + ws. 


They may also be expressed, by aid of the equation of the pre- 
sent Article connecting ¢ and 9, in terms of the values of 4, ¢2, ts, 
as follows :— 


tL, =t +wh+w'ts, iM= t, + wf + ws. 


The functions Z and Uf are as important in the theory of 
the biquadratic as the functions of Art. 59 in the theory of the 
cubic. The cubes of these expressions are the simplest functions 
of four variables which have but two values when the variables 
are interchanged in every way; they are the roots of the re- 
ducing quadratic of the reducing cubic above written, and 
underlie every solution of the biquadratic which has been given. 
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EXAMPLES. 


1. Show that Z and & are functions of the differences of a, B, y, 5. 
Increasing a, B, y, 5 by h, L and M remain unaltered, since 1 + w + w? = 0. 


2. To find in terms of the coefficients the product of the squares of the difier- 
ences of the roots a, B, y, 5. 


From the values of Z and © in terms of 61, 62, 63, we find easily 
120= L+ ¥, L— M=(8-7)(a—8)(w?-«), 
1262 = w+ wM, w°L — wM = (y— a) (B — 8) (w? — a), 
120= ol+0'M, wl — w= (a8) (y — 8) (0? - 0). 


Again, from these equations, multiplying the terms on both sides together, and 
rememberlng that 61, 02, 03 are the roots of 


4a° 6° — Ia + J=0, 
we find 
A 


T3 + M3 =— 432 ~, 
: 
£13 — M3 = 3 \/— 3 (8-7) (y—a) (a—B) (a—8) (8B —3)(y — 8); 


also, adding the squares of the same terms, we have 


7 & 
2LM = 24 = (B— y)? (a—8) + (y—a)? (B— 8)? + (a—B)? (y— 8)? 5 
and, since 
(L3 — M3)? =(13 + M3)? — 47313, 


substituting for these quantities their values derived from former equations, we have 
finally 


a® (B—+y)? (y— a)? (a —B)* (a — 8)? (B— 8)? (y — 8)? = 256 (13 — 277°). 


3. Show by a comparison of the equations of the present Article and Art. 59 that 
the results of the previous Article may be extended to the biquadratic by changing 


B-Y, 7-% a—B into —(B- y)(a—84), —(y—a)(B—8), — (a—8B)(y—§4), 


; ; 4 
respectively ; and, consequently, H into — 5 I, and G into 16 J. 


67. Equation of Squared Differences of a Biqua- 
dratice.—In a previous chapter (Art. 44) an account was given 
of the general problem of the formation of the equation of dif- 
ferences. It was proposed by Lagrange to employ this equa- 
tion in practice for the purpose of separating the roots of a 
given numerical equation; and with a view to such application 
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he calculated the general forms of the equation of squared dif- 
ferences in the cases of equations of the fourth and fifth degrees 
wanting the second term (see Zraité de la Résolution des Equa- 
tions Numériques, 3rd ed., Ch. v., and Note m1.). Although for 
practical purposes the methods of separation of the roots to be 
hereafter explained are to be preferred; yet, in connexion with 
the subjects of the present Chapter, the equation of squared 
differences of the biquadratic is of sufficient interest to be given 
here. We proceed accordingly to calculate this equation for a 
biquadratic written in the most general form. It will appear, 
in accordance with what was proved in Ex. 17, Art. 61, that 
the coefficients of the resulting equation can all be expressed in 
terms of a, H, J, and J. 


The problem is equivalent to expressing the] following product in terms of the 
coefficients of the biquadratic 


{p—(8—)?} {p—(y—«)?} {p — (a B)?} { — (a— 8)?} Lp — (B—8)?} {o—(y—- 8) }. 

The most convenient mode of procedure is to group these six factors in pairs, 
and to express the three products (which we denote by M1, Mz, Ils) separately in terms 
of the roots of the reducing cubic, and finally to express the product TM Mz M3 in 
terms of a, H, J, J. 


Th = $?— {(8—7)?+ (a—37} $+ (8-9)? (2-8); 


and, by aid of the results of Art. 61 we easily derive the following expressions for 
(B—)?, (a — 8)? :— 


H H\2 H Hy? 
a(J 0-2 — 4-2): s(-2+ Jo-3); 
hence, without difficulty, 


H if: 
h=¢9?+ (801 +16 a) o+4 “a #86263. 


Introducing now for brevity the notation 
6H=eP, 4[=aQ, lJ=eR, 9?+Po+Q=¥, 
TI; becomes ¥ + 8619 — 48 62 63. 

Reducing the product Ti Mz M3 by the result of Example 18, page 89, we obtain 
+ 3QW? — (4Q7+ 18R¢G) ¥ — (Sp? + 12Q? p? + 86QRH + 27K?) = 0. 
Finally, restoring the value of ¥, we have the equation of squared differences ex- 

pressed in terms of P, Q, R, as follows :— 
o° + 8Pp> + (3P? + 2Q) ot+ (P2+8PQ —26R) g* 
+ (6P?Q-—7Q? —18PR) ¢?+9Q (PQ-6R)ip + 4Q> — 27K? =0. 
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We give for convenience of reference the result also in terms of a, H, I, J* :— 
a® o° + 48 atH® + 8a? (96H? + a*Z) 64 + 32 (1283 + 16a? HT — 13a3J) $3 
+ 16(3847?I — 7a2I? — 288 aHJ)p? + 1152 (2HI—3aJ) Ip +256 (I3 —2772)=0. 


It should be observed that the value above obtained for M1; can be expressed asa 
: Pe 

quadratic function of 6; by aid of the equation 62 63; = 0, — —., and the subsequent 
4a? 


calculation might have been conducted by eliminating 6; between this quadratic and 
the reducing cubic. 


y 68. Criterion of the Nature of the Roots of the 
_ Biquadratic.—Before proceeding with this investigation it is 
necessary to repeat what was before stated (Art. 43), that when _ 
any condition with respect to the nature of the roots of an 
algebraic equation is expressed by the sign of a function of the 
coefficients, these coefficients are supposed to represent real 
numerical quantities. It is assumed also, as in the Article re- — 
ferred to, that the leading coefficient does not vanish. 

Using as before A to represent that function of the coef- 
ficients (called the discriminant) which, when multiplied by a 
positive numerical factor, is equal to the product of the squares 
of the differences of the roots, we have, from the results estab- 
lished in preceding Articles, the equation 


a (B — yP(y- 4)*(a - BP(a - 6)(B — 8)*(y — 6)? = 2564, 
where Az P-27J’. 


It will be found convenient in what follows to arrange the 
discussion of the nature of the roots under three heads, 
according as—(1) A vanishes, or (2) is negative, or (3) és positive. 

(1) When A vanishes, the equation has equal roots. This is evident 
from the value of A above written. Four distinct cases may be 
noticed—(a) when two roots only are equal, in which case J and J 
do not vanish separately ; ((3) when three roots are equal, in which — 
case I = 0, and J = 0, separately (see Ex. 7, Art. 61); (y) when 


* The equation of squared differences was first given in this form by Mr. M. 
Roberts in the Nor velles Annales de Mathématiques, vol. xvi. 
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two distinct pairs of roots are equal, in which case we have the 
conditions G = 0,a° T-12H’ = 0 (Ex. 8, Art. 61). It can be 
readily proved by means of the identity of Art. 37 that these 

- conditions imply the equation A = 0; hence these two equations, 
along with the equation A = 0, are equivalent to two indepen- 
dent conditions only. Finally, we may have—(é) all the roots 
equal; in which case may be derived from Art. 61 the three 
independent conditions H=0, T=0, and J=0. These may 
be written in a form analogous to the corresponding conditions 
in case (4) of Art. 43. 

(2) When A is negative, the equation has two real and two ima- 
ginary roots.—This follows from the value of A in terms of the 
roots; for when all the roots are real A is plainly positive; and 
when the proper imaginary forms, viz. h+k./-1,hW'+k/-l, 
are substituted for a, (3, y, 6, it readily appears that A is positive 
also when all the roots are imaginary. 

(3) When A is positive, the roots of the equation are either all 
real or all imaginary.—This follows also from the value of A, for 
we can show by substituting for a, the forms h + k./ —1 that 
A is negative when two roots are real and two imaginary. 
In the case, therefore, when A is positive, this function of the 
coefficients is not by itself sufficient to determine completely the 
nature of the roots, for it remains still doubtful whether the 
roots are all real or all imaginary. The further conditions 
necessary to discriminate between these two cases may, however, 
be obtained from Euler’s cubic (Art. 61) as follows:—In order 
that the roots of this cubic should be all real and positive, it is 
necessary that the signs should be alternately positive and 
negative; and when the signs are of this nature the cubic can- 
not have a real negative root. We can, therefore, derive, by the 
aid of Ex. 9, Art. 61, the following general conclusion appli- 
cable to this case :— When A is positive the roots of the biquadratic 
are allimaginary in every case except when the following conditions 

are fulfilled, viz. H negative, and aI - 12H negative® in which 
case the roots are all real. | 

| Or Hf wegatie acecd 2HI-3ad regatne, See 

a Cay heg ore Storriines Cri stiets s1e Rscerbrly Jour Mae 


a IV, f. 10. She rehire hectic Bee Ziyw Conia. o = ee 
a@*(2HI-32J)= 3G7-H(el-/2H*) . 

a is aw a checleceeS Sorvres diz dotentily G4 4H = @(HI-aJ)+ [p+3 f 

A abe has buvk faage— (9 4L | 
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EXAMPLES. 


1. Show that if H be positive, or if H = 0 (and @ not = 0), the cubic will have 
a pair of imaginary roots. 

2. Show that if H be negative, the cubic will have its roots—(1) all real and 
unequal, (2) two equal, or (3) two imaginary, according as G* is—(1) less than, 
(2) equal to, or (3) greater than — 4H°. 

3. If the cubic equation 

ax? + 8a, 27 + 8a2% + a3 = 0 


have two roots equal to a; prove 


where a@2—4°=H, aoa3—a@102=2M\, a 43 — a2* = Me. 

4. If ax> + 3bx? + 380ea+d+ k(x —r)3 
be a perfect cube, prove 

(ac — b*) r? + (ad — be) r + (bd — c?) = 0. 
5. Find the condition that the cubic 
ax® + 3ba* + 3cr+d 
may be capable of being written under the form 
1 (a — a1) + m(2 — Bi)? + n(a — m1)3, 
where a, 81, 71 are the roots of the cubic 

; ax + 3b,2? + 844 +d, = 0. 

Comparing the forms, we have 

a=l+mt+n, 
—b6=la,+ mBi +n, 
e = lay? + mBi2 + ny2, 
— d= lay? + mB + ny’. 
Also aai> + 3b, a)" + 3¢e:a, + dq) = 0, &e. 
Whence, multiplying these equations by di, 3¢1, 341, a1, respectively, and adding, 
we find the required condition 
(ad, — ad) — 3 (be, — bc) = 0. 
6. If a, B, y be the roots of the cubic equation 


2? + 8a, 2? + 8a2.% +a3=0; 
rationalize the equation 


4 oo paein 
ft—at+/z—B+/z—y=0; 
and express the result in terms of the coefficients a, a1, dz, a3. 
Ans. 125U;4 + 360HU,*.+ 1284 U, — 48H? = 0. 
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7. If a1, 61, and ag, Bz be the roots of the quadratic equations 
27+ 2hex+e=0, agv?+ Wexrt+e=0; 


find the equation whose roots are the four values of a a2. 
Let My=ae — 0b)", He = aze2 — de?. 
Ans. (% a2? — 2b, b2 + ¢1¢2)? — 4 He g? = 0. 
N.B.—This and the two following Examples may be solved by expressing by 
radicals involving the coefficients. 
8. Employing the notation of Ex. 7, form the equation whose roots are the four 
values of —. 
Let 22 = ay¢2 + age, + 2d, de. 
Ans. (2a, a2 $7 + 2(a1b2+ aghi)> + Ki2)? - My He = 0. 
In this Example the resulting biquadratic is such that G = 0. | 
9. In the same case, if @ = } (a1 — az)”, form the equation whose roots are the 
several values of ¢. 
Let M=ab2—a2hi, 2Mig = a1 ¢2 + age, — 2b, d2. 
Ans. {(a1426 + Hiz)?— 2M*p + Hy He}? = 4 Ae (a1 a2 + M)?. 


10. Show that when the biquadratic has a double root, the cubic whose roots 
are the values of p (Art. 65) has the same double root; and find what this cubic 
becomes when the biquadratic has three roots equal. 

11. If H and J are both positive, prove directly (without the aid of Euler’s 
cubic) that the roots of the biquadratic are all imaginary. 

It appears from the expression for H in terms of the roots (Ex. 19, p. 52) that 
when 4H is positive there must be at least one pair of imaginary roots h + k oa Fs 
Now diminishing all the roots by /, and dividing them by / (which transformations 
will not alter the character of the other pair of roots y, 5, nor the signs of Hand J), 


_ the biquadratic may be put under the form 


(a? + 4px + q) (2? + 1), 
or xt + 4px? + 6eu? + 4px +9, where 6¢4#=g+1; 
whence H=c-p*, IT=q-—4p* + 3c’, 


: T= e+ wpe—p(qgt+1)-e=c(g —- 4p? - &), 
and therefore 


J 
_ 2 — ¢2 —_-=(H 2) 2 
q 4p OF = ( +2 + ape 


ry wi ( ‘) aie 
proving that y and dare imaginary if H and J are both positive (cf. Ex. 13, p. 124). 
ZL . 


ae 
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12. If the biquadratic has two distinct pairs of equal roots, prove directly the 


relations 
aol = 1277, aged = 8H3. 


In this case the biquadratic divided by ao assumes the form 


emanate f(e-24)-38)Y = C4) 


k = 
where Z=A“XZ+M%, and —= wa ; 
: aM 2 
whence, comparing the forms 
zt — 2h222 + kt 
and 4+ 6H2? +442 + a? I — 3H, 
we find 83H=—-k, G=0, a? I-3H*=-#, 4 


from which the above relations immediately follow. The student will easily estab- 
lish the identity of these relations with those of Ex. 8, Art. 61. Also it should be 
noticed that in this case only one square root is involved in the solution of the 
biquadratic (coming from the solution of the quadratic (# — a) (« —8)). 


13. Find the condition that the biquadratic may be capable of being put under 
the form 
l(a? + 2petg)/?+m(2? + 2pr+q)+n. 


In this case the second and fourth coefficients are removed by the same trans- 
formation, and the general solution involves only two square roots. 
Ans. G=0. 


14. Prove that J vanishes for the biquadratic 
m(a — n)* — n(x — m)4. 


15. If the roots of a biquadratic, a, B, y, 5 represent the distances of four 
points from an origin on a right line; prove that when these points form a harmonic 
division on the line the roots of Euler’s cubic are in arithmetic progression, and the 
roots of the cubic of Art. 62 in harmonic progression. 


16. Form the equation whose roots are the six anharmonic functions of four 
points in a right line determined by the equation 


aout + 4a, 2° + Gaga? + 4a34 + a4 = 0. 


The six anharmonic ratios are 


- bos } 
$1; oy $2, 2’ $3, 3" 


ey PTS Lee igh a ik eee aE EAA MOS Oe TOMER EEN Shey ne LL Aten. mM Bes dine ite MRE Sian SBR Nr At RU SEAS 9 he 5 eR i RO nae ee Ome: ey tet Toe ere ee 
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=e ey a) (8 8) koe GOs 


also the equation whose roots are 


(B-y)(«#-8), (y-a)(B-8), (a—-B)(y- 8) 
is one of the cubics 
ast? — 12a It + 16 \/ I? — 277? = 0. 

The equation whose roots are the ratios, with sign changed, of the roots of either 

of these cubics is 
4A(¢? — + 1)?— 277° g*( — 1)? =0 (see Ex. 15, p. 88), 
where A= I— 27J*. 

The roots of the equation in ¢ are the six anharmonic ratios. This equation can 
be written in a more expressive form, as will appear from the following propo- 
sitions :— 

(a). The six anharmonic ratios may be expressed in terms of any one of them, 
as follows :— 

1 | ae ea 
>; 9 1-4, Ere 

From the identical equation 

(8 — 7) (a— 8) + (y — a) (8 — 8) + (2-8) (y- 8) = 


i 
ast 


we have the relations 


ple. gina: ops 4 
3 ? $1 - p2 b 
which determine all the anharmonic ratios in terms of any one of them. 
(6). If two of the anharmonic ratios become equal, the six values of ¢ are 
— w and — w’, each occurring three times; and in this case J = 0. 
For suppose ¢1 = $2; we have then from the second of the above relations 


gi” — g1 +1 =0, 


whence $1 =—@, or — w*; 
and substituting either of these values for ¢ in (a), we find all ‘the anharmonic ratios. 
Also, since 


a da 
eto 0, or S(u—v)? = 0, 


we have 
I = aoa, — 40a, 43 + 3a? = 0. 


L2 
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(c). If one of the ratios is harmonic, the six values of ¢ are — 1, 2, 


occurring twice ; and in this case J=0; for if 


gdi=— 1, — =-1, or 2A-ynw—v=0, 


one of the factors of J (see Ex. 18, p. 52). 
(d). These results, as well as the converse propositions, may be proved by 
writing the sextic in ¢ under the following form :— 


415{ (p + 1)( — 2)(p — 3) }? = 27I7{ (H + w)(p + 0”) f%. 
17. Solve the equation | 
(a 147 + y= x (a#—1)4 
pit ldp?+1} — pi(p*— 1)” 


1 av 
Ans. p*, =, (222% where 64 = 1. 
Pp ~oVp 


18. Express 3(a — 8)4(y — 5)? asa rational function of 61, 62, Os; ; and ultimately 

in terms of the coefficients of the quartic. 
An 108 26, op oe 
ns. — =( 2 — 03)*{ 01 + Pow =— att + 3aJ). 
19. Express | 
(B® — °)%(a? — B)° + (9? — oP)(B — 8°)? + (a? — By? — 3°) | 

as a rational function of 61, 62, 43. 

This symmetric function is equivalent to 


2 
(u2 — v2)? + (v?— a2)? + (a2 — 2)? = 256 S02 — 03)? («: - “) 


20. Form the equation whose roots are the several products in pairs of the roots 


of a biquadratic. 
The required equation is the product of three factors of the type 


e c e 
(> —- Br) (@ - 8)=9' AO + CHP - 27 O4+— — 490. 
Ans. (ap* — 2cp + €)? — 41p* (ap? — 2cp + €) + 16JH? = 0. 


sf where 


21. Form the equation whose roots are the several values of : : 


a, B, y, 5 are the roots of a biquadratic. 
The required equation is the product of three factors of the type 


5 
(o- =F) (0 -*3) - g?+2— og ttt gay 28 o+o 61. 


Ans. 4 (ap? + 2b + ¢)3— I (ap? + 266 + ec) + J=0. 
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22. Prove 
1 9T (= —22HI 


7a FAR a 


From the expressions for a, B, y, 5 in terms of 61, 02, 63, we have 


s 1 ae 1 rere ee 
(a—B)* 2a? ( (82-63)? (03-01)? (01-62)? J” 


which may be expressed in terms of a, H, I, J, as above. 


23 Prove = Aucllie 0 
(02-03)? 
if J=0, and m of the form 3p or 3p +1, p being a positive integer. 


24. Prove that 
U = ax? + cy? + 2? + Qdyz + Qezw + Aay 


can be resolved into the sum or difference of two squares if 


J = ace + 2bed — ad? — eb? —-F=0. eo of (ac-6*)(ae -¢*) —(act- bey} 
Here aU = (av + by +z)? + (ac —- b?)y? +2 (ad —be) yz + (ae—c*) 2”, 
and (ac — b?)y? + 2(ad — be) yz + (ae — 0) 2 


is a perfect square if 


oy (ae — b*) (ae — ce”) = (ad — de)’, 
or J = 0. 


m4 25. Ifa, B, y, 5 be the roots of the equation 
aou* + 4a,2° + 6a2z? + 4a34 + a4= 0, 


‘solve, in terms of the coefficients a, a1, &c., the equation 
f/t—atf/u—-Bt+f/2—-yt+/e—-8=0. 
When fat /B+/7+/8=0 


is rationalized, and the coefficients substituted for a, 8B, y, 5, we have 

(3a0 a2 — 2a;”)? = ao? a4. | 

Now, substituting Uo, Ui, U2, U3, Us for ao, a1, a2, a3, a4, and reducing, we find 
agl 


i: | as -<) 
age + ay G 3H? Z : 


ap 2 rama 
en 
Se iaie enee 


150 Algebraic Solution of the Cubic and Biquadratic. 


26. To express the solution of the biquadratic in terms of a single root of the 
reducing cubic. 
Substituting x’ + p for x in the equation 
ax* + 4b + 6ex? + 4du +e =0, 
we have 
ax'* + 40,23 + 6022? + 4U32'+ Us = 0. 


As there are here two independent variables at our disposal, it is allowable to 
make the assumptions 


aw’* 4+ 6Uex'2? + U,=0, Ui2?+ U3=0. 
Eliminating wv, and reducing as in Art. 65, we have 
40,2 —-IU2+J= : 


whence U2 = a6, where @ is a root of the reducing cubic, and therefore 


U1 =ap+b=1/a0— H. 
Again, 


whence, finally, since = z+ p, or ax + b= Ui + az’, we have 


pa ey G 
tot b= HOH | 80-2 - Fe, 


ao-— HH 
an expression which has only four values. 

This expression might of course be obtained from the resulting formula of Art.61, 
or Art.63. The method of arriving at it inthe present Example isa distinct method 
of solving the biquadratic. : 

X 
27. Prove that every rational algebraic function of a root @ of a given cubic 
equation can in general be reduced to the form 


CO + C10 
Do+Die 


Let the given function be (0) , where $(@) and (6) are rational integral func- 


¥(0) 
tions of 6 of any order. By successive substitutions from the given cubic each of 
these may be reduced to a quadratic. Hence the given function is reducible to the 


form 
Co + 10 + 626? 


dy +4,0+ d2,6? 


Soe 


Equating this to the form written above, and reducing by the given cubic, we ob- 
tain an identical equation, viz., 


Io + 110 + L267 = 0, 


where Zo, Z1, Lz are linear functions of Co, Ci, Do, Di. We have, therefore, the 
three equations Lp = 0, Li = 0, Lz =0, to determine the ratios of Co, C1, Do, Di. 


ee 
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28. Prove that the solution of the biquadratic does not involve the extraction 
of a cube root when any relation among the roots a, B, 7, 5 exists which can be ex- 
pressed by the vanishing of a rational function of a root @ of the reducing cubic. 

Any rational function of @ can always be depressed to the second degree, as in 
the preceding example. Hence the determination of @ will not involve the extrac- 
tion of a cube root; and the formula of Ex. 26 shows that the expression for the 
root of the biquadratic will not then involve any cube root. 


29, Find the relation which connects the roots of the biquadratic when the 
equation 
4p?- Ip + J=0 


is satisfied by each of the following values of p :— 


a gt a 
Bee. 0.0% oJ oi oF o%,* 


ae 12’ 
Ans. (1) B+y—a-—5=0, (2) B+y=0, (3) (y—a) (B—8)—(a-8)(y—8) =0, 
(4), (8) By—ad=0, (5) (y—a) (8—8)—w(a—B)(y—-3)=0, (6), (7) B—y=9. 
30. Prove the identity 
ag’ (I3 — 273?) = (ao? — 3H?) (a2 — 12H)? +27? (G2 + 208). 


This may be proved as follows :—Putting a =0 inthe values of J and J, and ex- 
panding, it readily appears that the part of A independent of a1 may be thrown into 
the form 


M4 (40a4 — Ya2”)? + Zagas* (Zao az a4 — Ay a3” — 2ay?). 


Now, replacing a2, a3, a4 by A2, A3, As, and substituting for the latter quanti- 
ties the values of Art. 37, we obtain the result.—Mr. M. Roserrts. 


31. When a biquadratic has two equal roots, prove that Euler’s cubic has two 
equal roots whose common value is 


aT — 2HI 
[7 a 


and hence show that the remaining two roots of the biquadratic in this case are real, 
equal, or imaginary, according as 2HI— 3aJ is negative, zero, or positive. 


32. Prove that when a biquadratic has—(1) two distinct pairs of equal roots the 
last two terms of the equation of squared differences (Art. 67) vanish, giving the 
conditions A = 0, 2HI — 3aJ =0; and when it has—(2) three roots equal, the last 
three terms of this equation vanish, giving the conditions J = 0, J = 0; and show 
the equivalence of the conditions in the former case with those already obtained in 
Ex. 8, Art. 61, and Ex. 12, p. 146. Prove also that the equation of squared dif- 
ferences reduces in the former case to ?(a*p + 12H)‘, and in thetlatter case to 
¢* (a* > + 16H)3, ‘ 


CHAPTER VII. 


PROPERTIES OF THE DERIVED FUNCTIONS. 


[69 


vy 69. Graphic Representation of the Derived Func- 


tion.— Let APB be the ‘ 
curve representing the po- X ly 
lynomial f(x), and P the 

point on it corresponding . 

to any value of the varia- 


ble x=OM. We proceed to ae 


l 


Ss 


determine the mode of re- T oR xX 
presenting the value of /’(z) a 
at the point P. Take a se- 
cond point Q on the curve, 
corresponding to a value of > 
# which exceeds OM by a small quantity 4. Thus 
OM=z, MN=h, ON=ae+h; 
also PM =f(x), QN=f(x +h). 
The expansion of Art. 6 gives 
fle+h) = f(a) +F@) b+ ED ae 
h vf 

or A seus Lt) _ (a) £94, Peed as (1) 
Bata: OI oe wea tan QPS = ton ee 


h nn. Fa 


Now, when / is indefinitely diminished, the point Q approaches, 
and ultimately coincides with, P; the chord PQ becomes the 


eee 
+ 


70 
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tangent PT to the curve at P; the angle PRN becomes PTY. 


- Also all terms of the right-hand member of equation (1) except 


the first diminish indefinitely, and ultimately vanish when h = 0. 
The equation (1) becomes therefore 


tan PTM = f(z) ; 


from which we conclude that the value assumed by the derived 
function f’(x) on the substitution of any value of x is represented by 
the tangent of the angle made with the axis OX by the tangent at 
the corresponding point to the curve representing the function f(z). 
vy 70. Maxima and Minima Walues of a Polynomial. 
Wheorem.—Any value of x which renders f(x) @ maximum or 
minimum is a root of the derived equation f(x) = 0. 
Let a be a value of w which renders f(v) a minimum. We 
proceed to prove that f(x) = 0. Let A represent a small incre- 
ment or decrement of x We have, since /(a) is a minimum, 


I (a) <f(a+h), also f(a)<f(a-h); 
hence f(a +) — f(a), and f(a—h) —f(a) are both positive, 4. e. 
the following two expressions are positive :— 


SI’ (a)h+ SO yada ; 
I(a)h+ owe See eg Sha ag 


Now, when / is very a we know (Art. 5) that the signs 
of these expressions are the same as the signs of their first terms ; 
hence, in order that both should be positive, /’(a) must vanish ; 
and, moreover, /”(a) must be positive. An exactly similar proof 
shows that when f(a) is a maximum f'(a) = 0, and f(a) is nega- 
tive. Thus, in order to find the maximum and minimum values 
of a polynomial /(x), we must solve the equation /”() = 0, and sub- 
stitute the roots in f(x). Each root will furnish a maximum or 
minimum value, the criterion to decide between these being the 
sign of f’(z) when the root is substituted in it—when f”(«) ts 
negative, the value is a maximum ; and when f(x) is positive, the 
value is a minimum. | 
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The theorem of this Ar- - 
ticle follows at once from | 
the construction of Art.69;  - Pp | 
for it is plain that when the | | 
value of f(#) is a maximum, YN, | 
asat P, P’ (Fig. 6), ora mi- . "7 Ss y a a <a | 
nimum, as at p, yp’, the tan- ' 
gent to the curve will be 


parallel to the axis OX, 
and, consequently, 


Fig. 6. 
tan PTM = f' (a) = 0. 


Fig. 6 represents a polynomial of the 5th degree. Correspond- 
ing to the four roots of f’(x) = 0 (supposed all real in this case), 
viz. OM, Om, OM’, Om’, there are two maxima values, IP, 
M’P’, and two minima values, mp, mp’, of the function. 3 


EXAMPLES. 


1. Find the max. or min. value of 
F(z) = 207 + 4-6. 
f(a) =4e4+1, f'(a)=4. 


t= ; makes f’ (x) = —= a minimum. 
(See fig. 2, p. 15.) 
2. Find the max. and min. values of 
S (x) = 2a3 — 32? — 36x + 14. 
J (x) = 6 (a —2%-6), f’ (x4) =6 (24 - 1). 
x = — 2 makes f(x) = 68, a maximum. 


x= 3makes f(z) =— 67, a minimum. 


3. Find the max. and min. values of 
SF (x) = 38a4 — 16x? + 6a? — 48x + 7. 


Here f’(z) = 0 has only one real root, = 4; and it gives a minimum yalue, 
ST (x) = — 345. 
4, Find the max. and min. values of 


J (x) = 10% — 172? + w + 6. 


The roots of f’{x) are, approximately, :0302, 1:1031. The former gives a 
maximum value, the latter a minimum. (See fig. 3, p. 16.) 
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vy 71. Rolle’s Theorem.— Between two consecutive real roots 
a and b of the equation f(x) = 0 there lies at least one real root of 
the equation f’ (a) = 0. 

For as x increases from a to b, /(#), varying continuously 

from f(a) to f(b), must begin by increasing and then diminish, 
or must begin by diminishing and then increase. It must, 
therefore, pass through at least one maximum or minimum 
value during the passage from /(a) to f(b). This value (f(a), 
suppose) corresponds to some value a of x between a and 3, 
which by the Theorem of Art. 70 is a root of the equation 
ay (2) = 0. 

The figure in the preceding Article illustrates this theorem. 
We observe that between the two points of section A and B 
there are three maximum or minimum values, and between the 
two points B and C there is one such value. It appears also 
from the figure that the number of such values between two 
consecutive points of section of the axis is always odd. 

Corolary.— Two consecutive roots of the derived equation may 
not comprise between them any root of the original equation, and 
never can comprise more than one. 

The first part of this proposition merely asserts that between 
two adjacent zero values of a polynomial there may be several 
maxima and minima values ; and the second part follows at once 
from the above theorem ; for if two consecutive roots of f(x) = 0 
comprised between them more than one root of /(w) = 0, we 
should then have two consecutive roots of this latter equation 
comprising between them no root of f(x) = 0, which is contra- 

-dictory to the theorem. 
v 72. Constitution of the Derived Functions.—Let the 
roots of the equation f(x) = 0 be a, az, a3... an. We have 


J (a) = (7 — a) (~ — a2)(% — as) ee (w - Gn). 
In this identical equation substitute y + x for 2; 
Sy +2) = (yt+e-—a)(y+u-a:)... (y+e—-ay) 


= Yt Hy + HY? + 66+ Inry + In, 
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where 
Nn =@%-at+tt—-a,tt—-ast.. 


es (w a6 ai) (@ — az) + (~- ai) (wv “- as) cee 


i (w -~ Qn1)(# 7 an), 


(v — an) + (vw - a,)(v—as).. ; (ev -an)+... 


Gn =(% — a2)(v—as)... 
+ (@ — a)(t—- az)... (@ — an), 


dn = (w — a;)(@ — az) (x — as). . . (u@ — an). 
We have, again, 
Sy + 2) = f(a) +f" (@) y ENS yt... ty” 
Equating the two expressions for f(y + a we obtain 
I(t) = (@- a1) (@ - az). . . (7 - an), 
J’ (#) = (@- az) (@ - a3)... (@-an) +.... 


, as above written, 


—. = the similar value of 9,_. in terms of x and the roots, 


The value of /’(v) may be conveniently written as follows :— 


Haye 


t—-Q@, U—-A2 C-An 


Theorem.—A multiple root of the 


vy 73. Multiple Roots. 
= (0) is a multiple root of the order m—1 


order m of the equation f(a) 


of the first derived equation f(x) = 0 
This follows immediately from the expression given for /” (#) 


in the preceding Article; for if the factor (# -a,)” occurs in f(a), 


t.é.1f a, = ag =..-.=am; we have 
_ mfx) f(x) J (#) 
I (2) = pape sar cue : ee em 


Each term in this will still have (wv - a,)” as a factor, except 
the first, which will have (# — a)” as a factor ; hence (x - a;)"" 


is a factor in f’(@). 


a 
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Cor. 1.—Any root which occurs m times in the equation f(z) =0 
occurs in degrees of multiplicity diminishing by unity in the first m-1 
derived equations. | 

Since /”(x) is derived from /’(w) in the same manner as /”(z) 
is from /(«), it is evident by the theorem just proved that /” (a) 
will contain (7 — ai)" as a factor. The next derived function, 
f(a), will contain (x — a)"; and so on. 

Cor. 2.—If f(x) and its first m — 1 derived functions all vanish 
for a value a of x, then (@ -— a)” is a factor in f(z). 

This, which is the converse of the preceding corollary, is 
most readily established directly as follows :—Representing the 
derived functions by fi (7), f:(v),.. ~~. Sma(w) (see Art. 6), and 
substituting a + v — a for x, we find that /(”) may be expanded. 
in the form 


J (a) +A (a) (@- a) 2 - (x - a)? Feet y aa 7 (2-a)"™" 
+ fle) (w-a)™+.. oe es (@ — a)”, 


from which the proposition is manifest. 

74, Determination of Multiple Roots.—It is easily 
inferred from the preceding Article that if f(x) and (x) have 
a common factor (vw - a)", (x — a)” will be a factor in f(x); for, 
by Cor. 1, the m-2 next succeeding derived functions vanish 
as well as f(x) and /’(w) when w = a; hence, by Cor. 2, a is a 
root of f(z) of multiplicity m. In the same way it appears that 
if f(w) and /’(x) have other common factors 


(2- BYP", (@- 7)"; @- 8), &e., 
the equation f(z) = 0 will have p roots equal to 2, ¢ roots equal 


to y, 7 roots equal to 8, &e. 


In order, therefore, to find whether any proposed equation 
has equal roots, and to determine such roots when they exist, 
we must find the greatest common measure of /(x) and /(z). 
Let this be ¢(z). The determination of the equal roots will 
depend on the solution of the equation ¢ (”) = 0. 
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EXAMPLES. 


1. Find the multiple roots of the equation 
w+ 2 -— 164+ 20 =0. 


The G. C. M. of f(x) and f’(z) is easily found to be x — 2; hence (4 — 2)? is a 
factor in f(z). The other factor is x + 5. 

Whenever, after determining the multiple factors of f(x), we wish to obtain the 
remaining factors, it will be found convenient to apply by repeated operations the 
method of division of Art. 8. Here, for example, we divide twice by # — 2, the 
calculation being represented as follows :— 


1 1 - 16 20 
2 6 — 20 

1 3 — 10 0 
2 10 

1 5 0 


Thus 1 and 5 being the two coefficients left, the third factor is x+ 5. This 
operation verifies the previous result, the remainders after each division vanishing 
as they ought. 


2. Find the multiple roots, and the remaining factor, of the equation 
x — 10%? + lbw —6=0. 


The G. C. M. of f(x) and f’(x) is found to be a*- 24+ 1. Hence (x-—1)? isa 
factor in f(z). Dividing three times in succession by 2 — 1, we obtain 


S (x) = (w@ — 1)8 (2? + 384 4+ 6). 
3. Find the multiple roots of the equation 
xt — 24% — 11a 4+ 12% + 36=0. 


The G. C. M. of f(z) and f’(x) is z? -2—6. The factors of this are +2 and 
z—3. Hence 
Sf («) = (@ + 2)? (w — 3)’. 
4. Find all the factors of the polynomial 
J (z) = #8 — 54° + 5at + 943 — 144? — 4x + 8. 
Ans. f (w) = (@ — 1)(% + 1)? (4 - 2). 


The ordinary process of finding the greatest common mea- 
sure of a polynomial and its first derived function may become 
very laborious as the degree of the function increases. It is 
wrong, therefore, to speak, as is customary in works on the 


a ee Se ee ee my 


a ae leads 
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Theory of Equations, of the determination in this way of the 
multiple roots of numerical equations as a simple process, and 
one preliminary to further investigations relative to the roots. 
It is chiefly in connexion with Sturm’s theorem that the opera- 
tion is of any practical value. The further consideration of 
multiple roots is deferred to Chap. IX., where this theorem will 
be discussed. It will be shown also in Chap. X., that the mul- 
tiple roots of equations of degrees inferior to the sixth can, in 
any particular instance, be determined from simple consider- 
ations not involving the process of finding the greatest common 
measure. 

75. This and the succeeding Article will be occupied with 
theorems which will be found of great importance in the sub- 
sequent discussion of methods of separating the roots of equa- 
tions. 

Theorem.—n passing continuously from a value a—h of x 


alittle less than a real root a of the equation f(x) =0 to a value 
atha litle greater, the polynomials f(x) and f'(«) have unlike 
_ signs immediately before the passage through the root, and like signs 


immediately after. 
Substituting a — / in f(x) and f(x), and expanding, we 


have 


Pe hase -r@s+5 w-...., 
I (a-h)= Piel = 7 te) BoP. ees 


Now, since f(a) = 0, the signs of these expressions, depending 
on those of their first terms, are unlike. When the sign of / is 
changed, the signs of. the expressions become the same. The 
theorem is therefore proved. 

Corollary.— The theorem remains true when a is a multiple 


root of any order of the equatiou f(x) = 0. 


Let the root be repeated r times. The following functions 
(using suffixes in place of the accents) all vanish :— 


fla), ila), Fela), «++ + Srala)e 
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In the series for f(a — h) andf’(a — h) the first terms which © 
do not vanish are, respectively, : 


Je (a) ( _ Ay Sr (a) ( os hy, 


Poe fe 1.2...r—1 


These have plainly unlike signs; but when the sign of h is 
changed they will have like signs. Hence the proposition is. 
established. 

76. Extending the reasoning of the last Article to every 
consecutive pair of the series 


FS (2), fil@), fo(@), - - » Fra(#), 


we may state the proposition generally as follows :— | 
Theorem.— When any equation f(x) =0 has an r-multiple — 
root a, a value a little inferior to a gives to this series of r functions 
signs alternately positive and negative, or negative and positive; — 
and a value a little superior to tt gives to all these functions the same 
sign ; and this sign is, moreover, the same sign as the sign of f,(a), 
the first derived function which does not vanish when a is substituted | 
JOre, 
In order to give a precise idea of the use of this theorem, 
let us suppose that /;(a) is the first function which does not | 
vanish when a is substituted, and let its sign be negative; — 
the conclusion which may be drawn from the theorem is, that 
for a value a — h of x the signs of the series of functions 4, A, 


Ss Sy sy ALC 


+—- +--+ -3 
and for a value a + h of # they are 


for before the passage through the root the sign off, must be — 
different from that of f;; the sign of f; must be different from 
that of f,, and so on; and after the passage the signs must be all 
the same. It is of course assumed here that / is so small that _ 
no root of f;(~) = 0 is included within the interval through ~ 
which # travels. : 
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EXAMPLES. 


1. Find the multiple roots of the equation 
f(x) = at + 1228+ 3202-247 44=0. 


Ans. f(x) = (a + 6x — 2). 
2. Show that the binomial equation 


gw — a= 0 
cannot have equal roots. 
3. Show that the equation 


uw —ngz+(n-—1)r=0 
will have a pair of equal roots if g™ = 7". 
4, Prove that the equation 
w+ 5pe + 5bp?e4+q=0 


has a pair of equal roots when q? + 4y5 = 0; and that if it have one pair of equal 
roots it must have a second pair. 


5. Apply the method of Art. 74, to determine the condition that the cubic 
2+ 3Hz+G=0 


should have a pair of equal roots. 
The last remainder in the process of finding the greatest common measure must 
vanish. Ans. G?+4H?=0. 


6. Apply the same method to show that both G and H vanish when the cubic 
has three equal roots. 


7. If a, B, y, 5 be the roots of the biquadratic f(z) = 0, prove that 
F° (a) + f° (B) +f" (y) + F' (3) 


can be expressed as a product of three factors. 
Ans. (a+B—y—5)(a+y—B-5)(a+85—B-y). 
8. If a, B, y, 5, &c., be the roots of f(x) = 0, and a’, B’, 7’, &c., of f’(x) = 0; 
prove 
f(a) FB) FP (Y) F'(8) «6 = OF (0) FB) F (7) «+ 


and that each is equal to the absolute term in the equation whose roots are the 
squares of the differences. 


9. If the equation 
awn + py xn} + po un? + ec ee $+ Pn-1% + Pn = 0 


have a double root a; prove that a is a root of the equation 


Pi 2) + Apgar? + Bp3a"-3 +... + Nn = 0. 
M 
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10. Show that the max. and min. values of the cubic 
ax + 3b27 + 3cer +d 
are the roots of the equation 
ap? —-2Gp+A=0, 


where A is the discriminant. 

If the curve representing the polynomial f (x) be moved parallel to the axis of y 
(see Art. 10) through a distance equal to a max. or min. value p, the axis of x will 
become a tangent toit, é.e. the equation f(x) — p=0 will have equal roots. Hence 


the max. and min. values are obtained by forming the discriminant of f(x) — p, or — 


by putting d—pforpin G?+4H°=0. 
11. Prove similarly that the max. and min. values of 
ax + 4bx3 + Cex? + 4dr +e 
are the roots of the equation 
a p> — 3(a*I — 9H) p? + 3(al? — 18HJ) p—- A=), 
where A is the discriminant of the quartic. 
12. Apply the theorem of Art. 76 to the function 
J («) = x — Tx? + 152? — 132 4 4. 
‘We have 
Si (%) = 4a — 212? + 30x — 18, 
So («) = 2 (6u? — 21x + 15), 
Ss (%) = 2 (12% — 21), 
Sa (vw) = 24. 


Here f3 (x) is the first function which does not vanish when x = 1; and f3 (1) is 
negative. What the theorem proves is, that for a value a little less than 1 the signs 


of f, fi, fz, fz are + — + —, and fora value a little greater than 1 they are all | 
negative. We are able from this series of signs to trace the functions f, fi, &c., in D 
the neighbourhood of the point z=1. Thus the curve representing f(z) is above — ; 
the axis before reaching the multiple point # = 1, and is below the axis immediately 
after reaching the point, and the axis must be regarded as cutting the curve in three _ 
coincident points, since (w—1)* is a factor in f(z). Again, the curve corresponding 
to f1 (x) is below the axis both before and after the passage through the point ¢=1. : 
It touches the axis at that point. The curve representing f2 (x) is above the axis _ 


before, and below the axis after the passage, and cuts the axis at the point. 


as ee Ee Le te. eee ee eee 


a 


CHAPTER VIIL. 


LIMITS OF THE ROOTS OF EQUATIONS, 


77. Definition of Limits.—In attempting to discover the 
real roots of numerical equations, it is in the first place advan- 
tageous to narrow the region within which they must be sought. 
We here take up the inquiry referred to in the observation at 
the end of Art. 4, and proceed to prove certain propositions 
relative to the limits of the real roots of equations. 

A superior limit of the positive roots is any greater positive 
number than the greatest of them; an inferior limit of the posi- 


| _ tive roots is any smaller positive number than the smallest of 


them. A superior limit of the negative roots is any greater ne- 
gative number than the greatest of them; an inferior limit of 


© the negative roots is any smaller negative number than the 


smallest of them: the greatest negative number meaning here 


| . that nearest to — 0. 


When we have found limits within which all the real roots 
_ of an equation lie, the next step towards the solution of the 


ae equation is to discover the intervals in which the separate roots 


are situated. The principal methods in use for this latter pur- 


7 pose will form the subject of the next Chapter. 


The following Propositions all relate to the superior limits 


} : of the positive roots ; to which, as will be subsequently proved, 
_ the determination of inferior limits and limits of the negative 
roots can be immediately reduced. 


78. Proposition E.—Jn any equation 
a” + pa) + poe +... e+ Pn it + pn=9, 


, ¢ ¥f the first negative term be — p, a", and if the greatest negativ 
ee m2 
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coefficient be — pis thenx/ pr+1 is a superior limit of the positive 
roots. 


Any value of x which makes 


-1 


we >p, (a +a +. tae tl) om 


will, @ fortiori, make f(x) positive. 
Now, taking ~ greater than unity, this inequality is satisfied 
by the following :— 


n—-rt+1 


gv” > k 
Pp r— te 

or gh -7> pur S 

or a”) {4 —1) > pr, 


which inequality again is satisfied by the following :— 
(e -1)"" («-1) =or> p, 

since plainly o> (2-1), | 

We have, therefore, finally : 

(2 — 1)" = or > px, 

or a= or > 1 +4/ px. 


79. Proposition EN.—// in any equation each negative coef- 
ficient be taken positively, and divided by the sum of all the positive 
coefficients which precede it, the greatest quotient thus formed in- 
creased by unity is a superior limit of the positive roots. : 


“Let the equation be 


Aga + aya" + ag” — ag” +... — Aye" 4+....4+0n,=9, 


in which, in order to fix our ideas, we regard the fourth coef- 
ficient as negative, and we consider also a negative coefficient in 
general, viz. — @,. 

Let each positive term in this equation be transformed by — 
means of the formula : 


Amt” = Am (a - 1) Ci +a tt Ut 1) + Ay 
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which is derived at once from 


g” —1 


a4 gts.) +41; 


_ the negative terms remaining unchanged. 
The polynomial /(x) becomes then, the horizontal lines of the 
following corresponding to the successive terms of f(a) :— 


o(@-1) w+ ao(w - 1) e+ ao(@ —1)a" > +... +ao(a—1L) a+... + doy 
+a; (%-1) a"? +a, (e-1)a"* +... +a:(e-l)w"" +... +4, 


+ dz (x-1)a" +... 4+ a2(a-l)a"" +... + ae, 


7 Ane 


We now regard the vertical columns of this expression as 
successive terms in the polynomial; the successive coefficients of 
a”, x”, &., being 


A(e-1), (a +a:)(@-1), (a) +a, +a) (%-1) - ay, &e. 


Any value of # greater than unity is sufficient to make positive 
every term in which no negative coefficient a3, a,, &c., occurs. 
To make the latter terms positive, we must have 


(do + + dz) (w@-1) >a, 


(dp + M+ O,+...+A,1)(e@-1)>a,, &e. 
Hence 
As Ap 


<3 geen neem —+1, &e. 
Ay + A, + de Apt Ay + dgtAgterc «t+Qy} 


And to ensure every term being made positive, we must take 
the value of the greatest of the quantities found in this way. 
Such a value of 2, therefore, is a superior limit of the positive 


roots. 
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80. Practical Applications.—The propositions in the 
two preceding Articles furnish the most convenient general 
methods of finding in practice tolerably close limits of the 
roots. Sometimes one of the propositions will give the closer 
limit: sometimes the other. It is well, therefore, to apply 
both methods, and take the smaller limit. Prop. I. will usually 
be found the more advantageous when the first negative coef- 
ficient is preceded by several positive coefficients, so that r is 
large; and Prop. II. when large positive coefficients occur before 
the first large negative coefficient. In general, Prop. II. will 
give the closer limit. We speak of the integer next above the 
number given by either proposition as the limit. 


EXAMPLES. 


1. Find a superior limit of the positive roots of the equation 
xt — 5x3 + 40x? — 84 + 23 =0. 
Prop. I. gives 8 +1, or 9, as limit. 


Prop. II. gives ; +1, or 6. Hence 6 is a superior limit. 


2. Find a superior limit of the positive roots of the equation 
w+ 324 + 2 — 827 — 514+ 18 =0. 


Prop. I. gives eA 51 +1; and 5 is, therefore, a limit. 


51 Seer ioe 
ee +1, and 12 is a limit. 
In this. case Prop. I. gives the closer limit. 


Prop. II. gives i 


3. Find a superior limit of the positive roots of 


x + 4x6 — 3x5 + 5x4 —9x* — 11e? + 64 —-8 =0. 
Of the fractions 
Biss : 9 a 8 
1+4 14448 14448 1444546 
the third is the greatest, and Prop. II. ‘gives the limit 3.°= Prop. I. gives 5. 
4, Find a superior limit of the positive roots of 
8 + 2027 + 4x8 — 1145 — 12024 + 1384 — 25 = 0. 
Ans. Both methods give the limit 6. 
5. Find a superior limit of the positive roots of 
4x° — 8x4 + 2223 + 98v? — 734 +5=0. 
Ans. Prop. I. gives 20. Prop. II. gives 3. 


Sie 
Bay 


Fee 
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It is usually possible to determine by inspection a limit 
closer than that given by either of the preceding propositions. - 
| This method consists in arranging the terms of an equation in 
groups having a positive term first, and then observing what is 
the lowest integral value of # which will have the effect of render- 
ing each group positive. The form of the equation will suggest 
the arrangement in any particular case. 


6. The equation of Ex. 2 can be arranged as follows :— 
a? (a3 — 8) + # (843 — 51) + 23 +18 = 0. 
x= 3, or any greater number, renders each group positive; hence 3 is a superior 
limit. 
4 7. The equation of Ex. 4 may be arranged thus :— 
x® (3 — 11) + 20a4 (v3 — 6) + 406 + 13x — 25 =0. 


Bo _ «= 3, or any greater number, renders each group positive; hence 3 is a limit. 


8. Find a superior limit of the roots of the equation 
xt — 42° + 3327 — 24 +18 = 0. 
This can be arranged in the form 
a? (a? — 4a + 5) + 28a (a —Zz:) +18 =0. - 


Now the trinomial x? — 4% + 5, having imaginary roots, is positive for all values 
of x (Art. 12). Hence x = 1 is a superior limit. 

* The introduction in this way of a quadratic whose roots are imaginary, or of one 
with equal roots, will often be found useful. 
9. Find a superior limit of the roots of the equation 

5a5 — 7x4 — 10x3 — 234? — 90x — 317 = 0. 
In examples of this kind it is convenient to distribute the highest power of x 
among the negative terms. Here the equation may be written 
a (% — 7) + #3 (x? — 10) + 2? (a3 — 23) + x(24 — 90) + 25 — 317 =0, 
so that 7 is evidently a superior limit of the roots. In this case the general methods 
give a very high limit. 


10. Find a superior limit of the roots of the equation 

at — 23 — 2a? — 49 — 24 = 0. 
When there are several negative terms, and the coefficient of the highest term 
unity, it is convenient to multiply the whole equation by such a number as will 
enable us to distribute the highest term among the negative terms. Here, multiply- 
ing by 4, we can write the equation as follows :— : 
x (x — 4) + x? (x? — 8) + x (28 — 16) + a#- 96=0, 
and 4 is a superior limit. The general methods give 25. 


oe 


cr | 
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81. Proposition ENE.—Any number which renders positive 
the polynomial f (x) and all its derived functions f(a), f2{x), «» « Fn(#) 
is a superior limit of the positive roots of the equation f (x) =0. 

This method of finding limits is due to Newton. It is much 
more laborious in its application than either of the preceding 
methods; but it has the advantage of giving always very close 
limits; and in the case of an equation all whose roots are real 
the limit found in this way is, as will be subsequently proved, 
the next integer above the greatest positive root. 

To prove the proposition, let the roots of the equation 
f (x) =0 be diminished by 4; then x-h=y, and 


2(h ale 
ry +h) =f) +A yb ys...+ 20 yp. 


If now h be such as to make all the coefficients 


t(h), Ah), Fo(h), - + Fn(h) 
positive, the equation in y cannot havea positive root; that is to 
say, the equation in w has no root greater than 2; hence / is a 
superior limit of the positive roots. 


EXAMPLE. 
J (a) = x — 228 — 32? - lbw - 3. 


In applying Newton’s method of finding limits to any example the general mode 
of procedure is as follows:—Take the smallest integral number which renders 
Jn-1(z) positive ; and proceeding upwards in order to fi (x), try the effect of substi- 
tuting this number for z in the other functions of the series. When any function 
is reached which becomes negative for the integer in question, increase the integer 
successively by units, till it makes that function positive; and then proceed with 
the new integer as before, increasing it again if another function in the series 
should become negative ; and so on, till an integer is reached which renders all the 
functions in the series positive. In the present example the series of functions is 


S (x) = x — 203 — 32? — ldx — 3, 
Si(x) = 40° — 62? — 6x — 15, 
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Here z=1 makes f3(x) positive. We try then the effect of the substitution «= 1 
in fo(v). It makes f2(z) negative. Increase by 1; and x= 2 makes f2 (x) positive. 
Try the effect of « = 2 in fi(x) ; it gives a negative result. Increase by 1; and 
x = 3 makes f\(#) positive. Proceeding upwards, the substitution z = 3 makes 
J («) negative ; and increasing again by unity, we find that x = 4 makes f(x) posi- 
tive. Hence 4 is the superior limit required. 

It is assumed in this mode of applying Newton’s rule, that when any number 
makes all the derived functions up to a certain stage positive, any higher number 
will also make them positive; so that there is no occasion to try the effect of the 
higher number on the functions in the series below that one where our upward 
progress is arrested. This is evident from the equation 


hr 


o(a +h) =9(a) + 9 (a)b+ o' (a) + -- 


(taking (x) to represent any function in the series, and using the common notation 
for derived functions), which shows that if g(a), $'(a), ¢’(a), . . . are all positive, 
and / also positive, ¢(a + h) must be positive. 

It may be observed that one advantage of Newton’s method is that often, as in 


the present instance, it gives us a knowledge of the two successive integers between 


which the highest root lies. Thus in the present example, since f(x) is negative for 
% = 3, and positive for z = 4, we know that the greatest root of the equation lies 
between 3 and 4. 


82. Inferior Limits, and Limits of the Negative 
Roots.—To find an inferior limit of the positive roots, the 


, Cy 1 
equation must be first transformed by the substitution # = ri 
Find then a superior limit / of the positive roots of the equation 


in y. The reciprocal of this, viz. Patt beithe required inferior 


I? 
limit; for since 


To find limits of the negative roots, we have only to trans- 
form the equation by the substitution x =-y. This transfor- 
mation changes the negative into positive roots. Let the su- 
perior and inferior limits of the positive roots of the equation in 
ybehandh’. Then -/ and-/7' are the limits of the negative 
roots of the proposed equation. 
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83. Limiting Equations.—/Jf ail the real roots of the 
equation f’(x) =0 could be found, it would be possible to determine 
the number of real roots of the equation f(x) =0. 

To prove this, let the real roots of /’(x) = 0 be, in ascending 


order of magnitude, a’, 3’, y’,... A’; and let the following series 


of values be substituted for x in f(x) :— 
a: 68 vy ere, ie ole 


When any successive two of these quantities give results 
with different signs there is a root of f(x) =0 between them ; 
and by the Cor., Art. 71, there is only one; and when they 
give results with the same sign there is, by the same, Cor., no 
root between them. Thus each change of sign in the results of 
the successive substitutions proves the existence of one real root 
of the proposed equation. 

If all the roots of f(x) = 0 are real, it is evident, by the theorem 
of Art. 71, that all the roots of /’(7) = 0 are also real, and that 


they lie one by one between each adjacent pair of the roots of - 


J («)=0. In the same case, and by the same theorem, it follows 
that the roots of f”(x) = 0, and of all the successive derived 
functions, are real also; and! the roots of any function lie 
severally between each adjacent pair of the roots of the function 
from which it is immediately derived. 

Equations of this kind, which are one degree below the 
degree of any proposed equation, and whose roots lie severally 
between each adjacent pair of the roots of the proposed, are called 
limiting equations. 

It is evident that in the application of Newton’s method 
of finding limits of the roots, when the roots of f(x) = 0 are 


all real, in proceeding according to the method explained in ~ 


Art. 81, the function /(z) is itself the last which will be rendered 
positive, and therefore the superior limit arrived at is the integer 
next above the greatest root. 


: Examples. ys 


EXAMPLEs. 


1. Prove that any derived equation f;, (x)= 0 cannot have more imaginary roots, 
but may have more real roots, than the equation f(z) = 0 from which it is derived. 
From this it follows that if any of the derived functions be found to have 
imaginary roots, the same number at least of imaginary roots must enter the primi- 
tive equation. 


2. Apply the method of Art. 83 to determine the conditions that the equation 


2 —g¢r+r=0 
should have all its roots real. 


3. Determine by the same method the nature of the roots of the equation 
wg" —ngx+(n—1)r=0. 


Ans. When » is even, the equation has two real roots or none, according as 
g® > or <7), 
When » is odd, the equation has three real roots or one, according as 


q* > or < re}, 


_ 4. The equation 2” (xz — 1)” = 0 has all its roots real ; hence show, by forming 
the n‘ derived function, that the following equation has all its roots real and un- 
ual, and situated between 0 and 1 :— 


n(n—1) n(n—1) 
1.2 2n(2n- 1) 


“"—n = gn-l + on? — &o. = 0. 

2n 
_ 5. Show similarly by forming the nt’ derived of (x? — 1)" that the following 
juation has all its roots real and unequal, and situated between — 1 and 1 :— 
n(n—1) oO n(n—1) n(n—1)(n—2)(n—3) 


a eda 4+ &.=0. 
” on (2n—1) 1.2 2n(2n—1)(2n—2)(Qn—3) 


an 


re. If any two of the quantities 7, m, m in the following equation be put equal to 
0, Show that the quadratic to which the equation then reduces is a limiting equa- 
; and hence prove that the roots of the proposed are all real :— 


(@ — a) (w — B) (w— ¢) 12 (w — a) — m2 (wb) — n?(« — ¢) — 2lmn = 0. 


CHAPTER IX. 


SEPARATION OF THE ROOTS OF EQUATIONS. 


84. By the methods of the preceding Chapter we are enabled to 
find limits between which all the real roots of any numerical 
equation lie. Before proceeding to the actual approximation 
to any particular root, it is necessary to separate the interval in 
which it is situated from the intervals which contain the remain- 
ing roots. The present Chapter will be occupied with certain 


eh: ae 


theorems whose object is to determine the number of real roots — 


between any two arbitrarily assumed values of the variable. It 
is plain that if this object can be effected, it will then be possible 
to tell not only the total number of real roots, but also the limits 
within which the roots separately lie. 

The theorems given for this purpose by Fourier and Budan, 


although different in statement, are identical in principle. For | 
purposes of exposition Fourier’s statement is the more con- — 


venient, while with a view to practical application the statement 


of Budan will be found superior. The theorem of Sturm, although | 
more laborious in practice, has the advantage over the preceding 
that it is unfailing in its application, giving always the exact — 


number of real roots situated between any two proposed quan- 


tities; whereas the theorem of Fourier and Budan gives only a © 


certain limit which the number of real roots in the proposed 
interval cannot exceed. 

85. Theorem of Fourier and Budan.— Let two numbers 
a and h, of which a is the less, be substituted in the series formed by 
J («) and its successive derived functions, viz., 


J (#)s Si (®), Sa(a), +» ->Sn(#) 3 
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the number of real roots which lie between a and b cannot be greater 
than the excess of the number of changes of sign in the series when 
a is substituted for x, over the number of changes when b is sub- 


stituted for x; and when the number of real roots in the interval 


falls short of that difference, it will be by an even number. 

This is the form in which Fourier states the theorem. 

It is to be understood here, as elsewhere, that, when we 
speak of two numbers a and 3, of which a is the less, one or 
both of them may be negative, and what is meant is that a is 
nearer than ) to-—o. 

We proceed to examine the changes which may occur among 
the signs of the functions in the above series, the value of x 
being supposed to increase continuously from ato 6. The fol- 


lowing different cases can arise :— 


(1). The value of « may pass through a single root of the 
equation f(x) = 0. 

(2). It may pass through a root occurring r times in f(x) = 0. 

(3). It may pass through a root of one of the auxiliary 
functions /;, (7) = 0, this root not occurring in either f,,:(x) = 0 


Or Jma(z) = 0. 


(4). It may pass through a root occurring r times in/,,(7) = 0, 


and not occurring in fins (x) = 0. 


In what follows the symbol # is omitted after / for con- 
venience. 

(1). In the first case it is evident, from Art. 75, that in passing 
through a root of the equation /(«) = 0 one change of sign is 
lost; for f and f/, have unlike signs immediately before, and 


_ like signs immediately after, the passage through the root. 


(2). In the second case, in passing through an r-multiple 
root of f(x) = 0, it is evident that r changes of sign are lost; for, 
by Art. 76, immediately before the passage the series of func- 
tions 


J; Jy Ss get Sry Sr 


have signs alternately + and -, or — and +, and immediately 
after the passage have all the same sign as /,. 
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(3). In the third case, the root of f,(v) = 0 must give to fina 
and fm either like signs or unlike signs. Suppose it to give like _ 
signs; then in passing through the root two changes of sign are 
lost, for before the passage the sign of /,, is different from these _ 
like signs, and after the passage it is the same (Art. 76). Sup- © 
pose it to give unlike signs; then no change of sign is lost, for — 
before the passage the signs of fina, my fms must be either 
+ + -, or — — +, and after the passage these become 
+ — -, and - + +. Qn the whole, therefore, we con- 
clude that no variation of sign can be gained, but two variations | 
may be lost, on the passage through a root of fn(w) = 0. 

(4). In the fourth case x passes through a value (let us say a) | 
which causes not only fm but also fins, fms +++ 5 mir tO Vanish. | 
It is evident from the theorem of Art. 76 that during the passage — 
a number of changes of sign will always be lost. The definite 
number may be collected by considering the series of functions 


Im-1y Jims Finis San ita S iris Tia 
We easily obtain the following results :— 


(a). When fin+(a) and fm, (a) have like signs : 


Ii r be even, 7 changes are lost. 
If r be odd, r + 1 changes are lost. 


(b). When fin-+(a) and fn (a) have unlike signs: 


If r be even, 7 changes are lost. 
lf r be odd, r — 1 changes are lost. 


We conclude, therefore, on the whole, that an even number of | 
changes is lost during the passage through an r-multiple root — 
of fin(«). : | 

It will be observed that (1) is a particular case of (2), and 
(8) of (4), 7.e. when r=1. Since, however, the cases (1) and (3) — 
are those of ordinary occurrence, it is well to give them a sepa- — 
rate classification. 

Reviewing the above proof, we conclude that as x increases 
from a to 6 no change of sign can be gained; that for each 
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assage through a single root of f(~) = 0 one change is lost ; and 
that under no circumstances except a passage through a root of 
(w) = 0 can an odd number of changes be lost. Hence the 
umber of changes lost during the whole variation of x from 
to b must be either equal to the number of real roots of f (x) =0 
in the interval, or must exceed it by an even number. The 
theorem is therefore proved. 

86. Application of the Theorem.—The form in which 
he theorem has been stated by Budan is, as has been already 
observed, more convenient for practical purposes than that just 
given. It is as follows :—Let the roots of an equation f(x) = 0 
be diminished, first by a and then by b, where a and b are any two 
_ numbers of which a ts the less ; then the number of real roots be- 
tween a and b cannot be greater than the excess of the number of 
anges of sign in the first transformed equation over the number in 
the second. 

_ This is evidently included in Fourier’s statement, for the 
two transformed equations are (see Art. 33)— 


SQ) +AMY —— 2 Dee a 0, 
J (6) thy +2 ) Ptr ep -0; 


m which, assuming the results of the last Article, the above 
proposition is manifest. 

_ The reason why the theorem in this form is convenient in 
practice is, that we can apply the expeditious method of dimi- 
ishing the roots given in Art. 33. 


EXAMPLES. 


1. Find the situations of the roots of the equation 

x — 3x4 — 249° + 952? — 46x - 101 = 0. 

We shall examine this function for values of z between the intervals 
: Say Vp 0, 1 10; 
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of the roots by 1 gives the following series of coefficients of the transformed 
equation :— 
1, es 15, 65, =: 


In diminishing the roots by 10, it is apparent at the very outset of the calculation 
that the signs of the coefficients of the transformed equation will be all positive ; so 
that there is no occasion to complete the calculation in this case. 

In diminishing the roots by — 10 and — 1, it is convenient to change the alter- 
nate signs of the equation, and diminish the roots by + 10 and+ 1; and then in 
the result change the alternate signs again. The coefficients of the transformed 
equation when the roots are diminished by — 1 are 


tA 180 Bel. 80, 


In diminishing by — 10 we observe in the course of the operation, as before, that 
the signs will be all positive in the result, i.e. when the alternate signs are changed 
they will be alternately positive and negative. 


Hence we have the following scheme :— 


(— 10) t+-+-+- 
(it) +--+ - + 
(0) + — — + — -—, the equation itself. 
(1) + +--+ + - 
(10) + ++ + + + 


These signs are the signs taken by f(x) and the several derived functions fi, fo, 
Js, f4, fs on the substitution of the proposed numbers ; but it is to be observed that 


they are here written, not in the order of Art. 85, but in the reverse order, viz., 


Js; Ss; Fa, Sr; Ji; Sf. 

From these we draw the following conclusions :—All the real roots must lie 
between — 10 and + 10; one real root lies between — 10 and — 1, since one change 
of sign is lost; one real root lies between —1 and 0, since one change of sign is lost; 


no real root lies between 0 and1; and between 1 and 10, since three changes of sign — : 


are lost, there is at least one real root; but we are left in doubt as to the nature of 
the other two roots: whether they are imaginary, or whether there are three real 
roots between 1 and 10. 

We might proceed to examine, by further transformations, the interval between 
1 and 10 more closely, in order to determine the nature of the two doubtful roots ; 


but it is evident that the calculations for this purpose might, if the roots were nearly 


equal, become very laborious. This is the weak side of the theorem of Fourier and 


Budan. Both writers have attempted to supply this defect, and have given methods — : 


of determining the nature of the roots in doubtful intervals ; but as these methods 
are complicated, we do not stop to explain them ; the more especially as the theorem 
of Sturm effects fully the purposes for which the supplementary methods of Fourier 
and Budan were invented. 
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2. Analyse the equation of Ex. 1, p. 100, viz., 
+a? -—224-1=0. 
The roots of this are all real, and lie between — 2 and 2 (see Ex. 5, p. 100). When- 
ever the roots of an equation are all real, the signs of Fourier’s functions determine 


the exact number of real roots between any two proposed integers. We obtain the 
following result :—The roots lie in the intervals 


(- a 1); (~ 7, 0); (1, 2). 
3. Analyse the equation of Ex. 3, p. 100, viz., 
w+ wt — 4x8 — 382? 4+ 344+1=0. 


Ans. Two roots in the interval (— 2, —1), and one root in each 
of the intervals (— 1, 0); (0, 1); (1, 2). 
4. Analyse the equation 


x* — 80x25 + 19982? — 14937x + 5000 = 0. 
The equation can have no negative roots. Diminish the roots by 10 several times 


in succession till the signs of the coefficients become all positive. We obtain the 
following result :— 


(0) +—-+-—+¢4 
(10) +-++- 
(20) re eas ae” 
(30) +++ - +4 
(40) +++ + 4 


Thus, there is one root between 0 and 10, and one between 10 and 20; no root 
between 20 and 30. Between 30 and 40 either there are two real roots, or there is 
an indication of a pair of imaginary roots. That the former is the case will appear 
by diminishing the roots of the third transformed equation by units. This process 
will separate the roots, which will be found to lie between (2, 3) and (4, 5) ; so that 
the proposed equation has a third real root in the interval (32, 33), and a fourth in 
the interval (34, 35). 


87. Application of the Theorem to Imaginary 
Roots.—Since there exist only » changes of sign to be lost in 


the passage of x from - 0 to+ 0, if we have any reason for 
knowing that a pair of changes is lost during the passage of « 


through an interval which includes no real root of the equation, 


we may be assured of the existence of a pair of imaginary roots. 

Circumstances of this nature will arise in the application of 

Fourier’s theorem when any of the transformed equations con- 

tain vanishing coefficients. For we can assign by the principle 

of Art. 76 the proper sign to this coefficient, corresponding to 
N 
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values of « immediately before and immediately after that value 
which causes the coefficient to vanish ; the whole interval being 
so small that it may be supposed not to include any root of the 
equation f(x) = 0. 


EXAMPLES. 


1. Analyse the equation 
S (%) =v — 428 — 344+ 23 =0. 


We shall examine this function between the intervals 0,1,10. The transformed 
equations are 


de fa (0)at +3 fs (0) 23 +3 fo (0)a? +fi (0) e +f (0) = 0, 
dy fa(l)at+3 fo (1)? +3 fo(l)e+fi (Ie tf (1) = 0, 
a fa (10) at + fs (10) 23 +3 fo (10) a? + fa (10) + f(10) = 0, 


the first of these being the proposed equation itself. : 
Making the calculations by the method of the preceding Article, we find that the | 
coefficient f3(1) = 0, and we have the following scheme :— 


(0) +- 0-4 
(1) + 0-- +4 
(10) ++ 4 4 4 


We may now replace each of the rows containing a zero coefficient by two, the 
first corresponding to a value a little less, and the second to a value a little greater, — 
than that which gives the zero coefficients ; the signs being determined by the q 
principle established in Art. 76. It must be remembered that in the above scheme 
the signs representing the derived functions are written in the reverse order to that a 
of the Article referred to. The scheme will then stand as follows, using / to repre- | : 
sent a very small positive quantity :— 4 


—- fy ee 
o| 

th = +- =—- - + 

1-h + - - = 
a| 

1+h A ee ie. Ae 


(10) + + 4+ + + 

In this scheme the signs corresponding to — 4 and + are determined by the a 
condition that the sign of the coefficient which is zero when z = 0 must, when _ 
2 =—h, be different from that next to it on the left-hand side; and whenz=+h 
it must be the same. ‘The signs corresponding to 1 — 4 and 1+ h are determined 
in a similar manner. ; 3 
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Now since a pair of changes is lost in the interval (— h, + h), and since the 
equation has no real root between — 4 and + 4, we have proved the existence of a 
pair of imaginary roots. Two changes of sign are lost between 1+ 4 and 10, so 
that this interval either includes a pair of real roots, or presents an indication of a 
pair of imaginary roots.. Which of these is the case remains still doubtful. 

2. If several coefficients vanish, we may be able to establish the existence of 
several pairs of imaginary roots. This will appear from the following example :— 


z®—-1=0. 
The signs corresponding to — / and + / are, by the theorem of Art. 76, 
(— h) tort sith ae 
(+ h) ty te cia es ee 


Hence, since no root exists between — / and + h, and since 4 changes of sign 
are lost in passing from a value very little less than 0 to one very little greater, we 
are assured of the existence of two pairs of imaginary roots. The other two roots 
are in this case plainly real (see Art. 14). 

The number of imaginary roots in any binomial equation can be determined in 
this way. 

3. Find the character of the roots of the equation 


t 


w4+102°+4~7-—-4=0. 


In passing from a small negative to a small positive value of « we obtain the 
following series of signs :— 


(— h) + - +--+ 4-4 - 
(0) + 000 0+ 0+ - 
(+ h) Se aere CARS Bs oe 


Since six changes of sign are here lost, there are six imaginary roots. The 
remaining two roots are, by Art. 14, real: one positive, and the other negative. 
The negative root lies betwen — 2 and — 1, and the positive between 0 and 1. 

4, Analyse completely the equation 


vw — 327 -—x4+1=0. 


There are two imaginary roots. Whenever, as in the present instance, the roots 
are comprised within small limits, it is convenient to diminish by successive units. 
In this way we find here a root between 0 and 1, and another between 1 and 2. 
Proceeding to negative roots, we find on diminishing by —1 that — 1 is itself a root, 
and writing down the signs corresponding to a value a little greater than — 1, we 
observe an indication of a second negative root between — 1 and 0. 

5. Analyse the equation 


w+ a+ 4+ 2? — 254 —-386=0. 
There are two imaginary roots ; one real positive root between 2 and 3; and two 
real negative roots in the intervals (— 3, — 2), (— 2, — 1). 
N2 


eae Se ge: ete 
pee yess ti eae! oes 
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88. Corollaries from the Theorem of Fourier and 
Budan.—The method of detecting the existence of imaginary 
roots explained in the preceding Article is called The Rule of 
the Double Sign. A similar rule, due to De Gua, was in 
use before the discovery of Fourier’s theorem. This rule and 
Descartes’ Rule of Signs are immediate corollaries from the 
theorem, as we proceed to show. 


Cor. 1.—De Gua’s Rule for finding Imaginary Roots. 


The rule may be stated generally as follows :— When 2m suc- 
cessive terms of an equation are absent, the equation has 2m imaginary 
roots; and when 2m + 1 successive terms are absent, the equation 
has 2m + 2, or 2m imaginary roots, according as the two terms be- 
tween which the deficiency occurs have like or unlike signs. This 
follows, as in case (4), Art. 85, by examining the number of 
changes of sign lost during the passage of x from a small nega- 
tive value — / to a small positive value h. 


Cor. 2.—Descartes’ Rule of Signs. 
When 0 is substituted for x in the series of functions 


Fila), fra(v), ..-f2(x), A(x), f(z), the signs are the same as the 
signs of the coefficients a, a, dz... Gn1t; Gm, of the proposed 
equation ; and when + oo is substituted the signs are all positive. 
Fourier’s theorem asserts that the number of roots between 
these limits, viz., the number of positive roots, cannot exceed the 
number of variations lost during the passage from 0 to + 0, 
that is the number of changes of sign in the series a, a1, 2... Ans 
This is Descartes’ rule for positive roots; and the similar rule 
for negative roots follows in the usual way by changing the 
negative into positive roots. 


Cor. 3.—Newton’s Method of finding Limits. 


When a number / has been found which renders positive 
each of the functions f,, (7), fra(x), ..- fr(@), A(x), /(@) 5 since 
+ also renders each of them positive, it follows from Fourier’s 
theorem that there can be no root between / and + 0, that is to 
say, h is a superior limit of the positive roots; and this is 
Newton’s proposition (Art. 81). 
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89, Sturm’s Theorem.— We have already shown (Art. 74) 
that it is possible by performing the common algebraical operation 
of finding the greatest common measure of a polynomial f (2) 
and its first derived polynomial to find the equal roots of the 
equation f(x) =0. Sturm has employed the same operation for 
the formation of the auxiliary functions which enter into his 
method of separating the roots of an equation. 

Let the process of finding the greatest common measure of 


J («) and its first derived be performed. The successive re- 


mainders will go on diminishing in degree till we reach finally 
either one which divides that immediately preceding without 
remainder, or one which does not contain the variable at all, 
i.e. which is numerical. The former is, as we have already 
seen, the case of equal roots. The latter is the case where no 
equal roots exist. It is convenient to divide the discussion of 
Sturm’s theorem into these two cases. We shall in the present 
Article consider the case where no equal roots exist; and pro- 
ceed in the next Article to the case of equal roots. ‘The per- 
formance of the operation itself will of course disclose the class 
to which any particular example is to be referred. 

The auxiliary functions employed by Sturm are not the 
remainders as they present themselves in the calculation, but 
the remainders with their signs changed. In finding the greatest 
common measure of two expressions it is indifferent whether the 
signs of the remainders are changed or not: in the formation 
of Sturm’s auxiliary functions the change is essential. It is 
convenient in practice to change the sign of each remainder 
before making it the next divisor. 

Confining our attention for the present, therefore, to the case 
where no equal roots exist, Sturm’s theorem may be stated as 
follows :— 

Theorem.— Let any two real quantities a and b be substituted 


Jor « in the series of n + 1 functions 


J (2), Ail@), fe (2), fs(2), aerehs »Sn-1(®), fn(2), 


consisting of the given polynomial f (x), its first derived f(x), and 
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the successive remainders (with their signs changed) in the process 
of finding the greatest common measure of f(x) and f(a) ; then the 
difference between the number of changes of sign in the series when 
a ws substituted for x, and the number when b is substituted for x 


expresses exactly the number of real roots of the equation f («) = 0 


between a and b. 
The mode of formation of Sturm’s functions supplies the 


following series of equations, in which q,, 9g, .. - Qn represent 


the successive quotients in the operation :— 


S(z) =n fil) Sala); 2 
A(@) =@f(x)-f(@), 


ae ae 


Sn-2(#) = Qnafn() —fn(@). J 


These equations involve the theory of the method of finding 
the greatest common measure ; for it follows from the first equa- 
tion that if f(v) and f\(z) have a common factor, this must be 
a factor in f,(x) ; and from the second equation it follows, by 
like reasoning, that the same factor must occur in f;(7) ; and so 
on, till we come finally to the last remainder, which, when /(#) 
and f,(7) have common factors, will be a polynomial consisting 
of these factors. [In the present Article, where we suppose the 
given polynomial and its first derived to have no common 
factor, the last remainder /,,(v) is numerical. It is essential for 
the proof of the theorem to observe also, that in the case now 
under consideration no two consecutive functions in the series 
can have a common factor; for if they had we could, by reason- 
ing similar to the above, show from the equations that this fac- 
tor must exist also.m / (v) and fi(#) ; and such, according to our 
hypothesis, is not here the case. In examining, therefore, what 
changes of sign can take place in the series during the passage 
of x from a to b, we may exclude the case of two consecutive 
functions vanishing for the same value of the variable; and the 


; 


q 


so 


n> 


| 
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different cases in which any change of sign can take place are 
the following :— 

(1). When z passes through a root of the proposed equation 
mie) = 0: 

(2). When z passes through a value which causes one of the 
auxiliary functions fi, fo, . . - fn. to vanish: 

(3). When wz passes through a value which causes two or 
more of the series f, fi, ...jfn1to vanish together; no two of 


_ the vanishing functions, however, being consecutive. 


(1). When « passes through a root of f(z) =0, it follows from 
Art. 75 that one change of sign is lost, since immediately before 
the passage f(x) and f,(~) have unlike signs, and immediately 
after the passage they have like signs. 

(2). Suppose w to take a value a which satisfies the equation 
Jr(v) = 9. From the equation 


Fra(@) = Or fr(#) — f rn(a) 


we have Fra(a) =—-fru(a), 


1 


which proves that this value of # gives to f,.() and /,(w) the 
same numerical value with different signs. In passing from a 
value a little less than a to one a little greater, we can suppose 
the interval so small that it contains no root of f,:(x) or fra(@) 5 
hence, throughout the interval under consideration, these two 
functions retain their signs. Ifthe sign of f.(x) does not change 
(as will happen in the exceptional case when the root a is re- 
peated an even number of times) there is no alteration in the 
series of signs. In general the sign of /,(x) changes, but no 
variation of sign is either lost or gained thereby in the group of 
three ; because, on account of the difference of signs of the two 


~ extremes Fra(a) and f(x), there will exist both before and after 


the passage one variation and one permanency of sign, whatever 
be the sign of the middle function. If, for example, before the 
passage the signs were + — —; after the passage they are + + -, 
?.€. @ variation and a permanency are changed into a perma- 
nency and a variation; but no variation of sign is lost or gained 
on the whole. 


184 Separation of the Roots of Equations. 


(3). Since the reasoning in the previous cases is founded on 
the relations of the function to those adjacent to it only; and — 
since those relations remain unaltered in the present case, be- 
cause no two adjacent functions vanish together, we conclude 
that if f(x) is one of the vanishing functions, one change of sign 
is lost, and if not, no change is either lost or gained. 

We have proved, therefore, that when x passes through a 
root of f(«) = 0 one change of sign is lost, and under no other 
circumstances is a change of sign either lost or gained. Hence 
the number of changes of sign lost during the variation of e — 
from a to 6 is equal to the number of roots of the equation be- 
tween a and 0.* 

Before proceeding to the case of equal roots, we add a few 
simple examples to illustrate the application of Sturm’s theo- 
rem. It is convenient in practice to substitute first — o, 0, 
+ oo in Sturm’s functions, so as to obtain the whole number of 
negative and of positive roots. To separate the negative roots, 
the integers — 1, — 2, — 3, &c., are to be substituted in succession 
till we reach the same series of signs as results from the substitu- 
tion of — o ; and to separate the positive roots we substitute 
1, 2, 3, &c., till the signs furnished by + 0 are reached. 


EXAMPLES. 
1, Find the number and situation of the real roots of the equation 


f(x) = 2 —-2e4-5=0. 
We find Si(z) = 327-2, = fe(w) = 44 + 15, JI3(x) = — 643. 


Corresponding to the values — 2, 0, + «of x, we have 


(— ©) nach apa 
(0) : gee a 
(+ ©) FA 


Hence there is only one real root, and it is positive. 


* The student often finds a difficulty in perceiving in what way a number of 
changes of sign can be lost in Sturm’s series, since the only loss of sign takes place 
between the first two functions, f(x) and fi(z). It may tend to remove this diffi- 
culty to observe, that as x increases from one root a of f(x) = 0 toa second 8B, 
although no alteration takes place in the nwmber of changes of sign, the distribution 
of the signs among /i(z) and the following functions alters in such a way that the 
signs of f(#) and fi(”), which were the same immediately after the passage of # 
through a, become again different immediately before the passage through B. 
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Again, corresponding to values 1, 2, 3 of x, we have 


(1) re 
Q -++4+-, 
(3) t+ 4 -. 


The real root, therefore, lies between 2 and 3. 


2. Find the number and situation of the real roots of the equation 


2 —Te+7=0. 
We easily obtain 
Si (2) = 82? — 7, 
S2(u) = 2x — 3, 
Ss(z) =1; 
whence 
(— «) aan ae eregiies 2 
(0) + - = 4+, 


(Fo) -f + + +: 


Hence all the roots are real: one negative, and two positive. 
We have, further, the following results :— 


(— 4) - + - 4, 
(— 3) Se alii 2" 
(— 2) oe oe 
(- 1) a Pri we esesiitie 
(1) 2 ee 
(2) + + + +. 


Here — 4 and + 2 give the same series of signs as — © and+ 0} hence we stop at 
these. The negative root lies between — 4 and — 3; and the two positive roots 
between 1 and 2. 
This example illustrates the superiority of Sturm’s method over that of Fourier. 
The substitution of 1 and 2 in Fourier’s functions gives, as can be immediately 
verified, the following series of signs :— 


(1) se ene 
(2) $, cb + 


From Fourier’s theorem we are authorised to conclude only that there cannot be 
more than two roots between 1 and 2. From Sturm’s we conclude that there are 
two roots between 1 and 2. If we have occasion to separate these two roots, we 
must, of course, make further substitutions in f(z). 

3. Find the number and situation of the real roots of the equation 


vt — 223 — 32? + 107 —-4=0. 
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We obtain, removing the factor 2 from the derived, 
| Si (@) = 2x3 — 3x? — 3x + 5, 
Sa(v) = 9a? — 27x + 11, 
F3 (x) = — 8x - 3, 
Ss (%) = — 14383. 

[N.B.—In forming Sturm’s functions it is allowable, as is evident from the 
equations (1), Art. 89, to introduce or suppress numerical factors just as in the 
process of finding the a. c. m. ; taking care, however, that these are positive, so that 
the signs of the remainders are not thereby altered. | 

We have the following series of signs :— 

ee oo ) : Mig ee as elie Roe 

(+ ) + ++- -. 
Hence there are two real roots, one positive, and one negative and two imaginary 
roots. To find the position of the real roots, it is sufficient to substitute positive 
and negative integers successively in f(x) alone, since there is only one positive and 


one negative root: we easily find in this way that the negative root lies between 
— 2 and — 3, and the positive root between 0 and 1. 


’ 90. Sturm’s Theorem. Equal Roots. Let the opera- 
tion for finding the greatest common measure of f (w) and /’(@) 
be performed, the signs of the successive remainders being 
changed as before. The last of Sturm’s functions will not now 
be numerical, for since f(x) and f(‘x) are here supposed to con- 
tain a common measure involving «, this will now be the last 
function arrived at by the process. Let the series of functions 


be :— 
f (2), Ai(@), fol), - 2 2 »Sr(2). 


During the passage of x through any value except a multiple root 
of f(z) = 0, the conclusions of the last Article are still true with 
respect to the present series, since no value except such a root 


can cause any consecutive pair of the series to vanish. When # 


passes through a multiple root of f(x) = 0, there is, by the Cor., 
Art. 75, one change of sign lost between fand f,; and we pro- 
ceed to prove that no change of sign is lost or gained in the rest 
of the series, viz. fi, fr,....j,. Suppose there exists an m-mul- 


tiple root a of, f(x). It is evident from the equations (1) of Art. 89, 


SSSR Ge: HERE Be ae eS lS ee ees 


ee 


Fea pe Ee ia SOA 
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_ that (v — a)" is a factor in each of the functions/,, f...../f,. 


Let the remaining factors in these functions be, respectively, 


go $y ---- or By dividing each of the equations (1) by 


(x -a)”"", we get a series of equations which establish by the 


reasoning of the last Article that, owing to a passage through a, 


no change of signs is lost or gained in the series gu, $2... « gr. 


_ Neither, therefore, is any change lost or gained in the series 
Shy Je --- fr; for the effect of the factor (v— a)” in the passage 


of x from a value a —/ to a value a+ is either to change the 
signs of all (when m- 1 is odd) or of none (when m — 1 is even) 
of the functions ¢., ¢2,.... 9,3 and changing the signs of all 
these functions cannot increase or diminish the number of 


_ variations. 


We have therefore proved that when 2 passes through a 


_ multiple root of f(x) = 0 one change of sign is lost between / and 


J, and none either lost or gained in any other part of the series. 


It remains true, of course, that when w passes through a single 


root of f (xv) = 0 a change of sign is lost as before. We may thus 
state the theorem as follows for the case of equal roots :— 
The difference between the number of changes of sign when a and b 


| are substituted in the series 


A Ai tos ae Us Sry 


the last of these being the greatest common measure of f and f,, is 


equal to the number of real roots between a and b, each multiple 


root counting only once. 


EXAMPLES. 


1. Find the nature of the roots of the equation 


a — 623 + 92? — 74 +2=0. 


We easily obtain 


Si(a) = 403 — 1dx? + 18% — 7, 


Sa(z) = wv? - 24 +1; 


 f2(w) divides f; (2) without remainder; hence in this case Sturm’s series stops at 
| Ja(#), thus establishing the existence of equal roots. 
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To find the number of real roots of the equation, we substitute — 0 and + 
for # in the series of functions f, fi, f2. The result is 


(— «) «ae 
($+) ‘+ 4 4. 


Hence the equation has only two real distinct roots ; but one of these is a triple root, 
as is evident from the form of f2 (x), which is equal to (~ — 1)?. 


2. Find the nature of the roots of the equation 
xt — 64° + 1382? -1274+4=0. 
Here 
Si(x) = 403 — 18%? + 26x — 12, 
So(v) = 2 — 84 42; 
F2(<) is the last Sturmian function ; so the equation has equal roots. 
(— ) Bh eer ras 
oy +b # ot. 


There are only two real distinct roots. In fact, since f2 (x) =(« — 1)(~ —2), each of 
the roots 1, 2 is a double root. 


3. Find the nature of the roots of the equation 


e+ %¢t+a3 —g?-2r-—1=0. 
Here 

Ai = 5x4 + 843 + 84? — 24 - 2, 

So = 248 + Tx? + 122 4+ 7, 

Ss = — x? — 62 — 5, 

ie=-—z-1, 

Ss.= 0. 


Since f= 0, «+1 is a common measure of f and f;, and f(x) has a double root —1. 
We have also | 
= ad ) GL Wee eae we ie 5 


(+o) +++ - -: 


Hence there are two real distinct roots. The equation has, therefore, beside the 
double root, one other real root, and two imaginary roots. 


4. Find the nature of the roots of the equation 
x® — Tx + 15a* — 402? + 4824 — 16 = 0. 
Here 
Si (x) = 645 — 35x* + 6023 — 80x + 48, 
Sfo(xz) = 1344 — 8423 + 1924 — 176x + 48, 
J3(~) = 2 — 62? + 124 — 8 = (4 — 2)8. y 
Ans. There are three real distinct roots, one of them being quadruple. 


te 
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“91. Application of Sturm’s Theorem.—In the case of 
equations of high degrees the calculation of Sturm’s auxiliary 
functions becomes often very laborious. It is important, there- 
fore, to pay attention to certain observations which tend some- 


what to diminish this labour. 


(1). In calculating the final remainder when it is numerical, 
since its sign is all we are concerned with, the labour of the last 
operation of division can be avoided by the consideration that 
the value of x which causes /,, to vanish must give opposite 
signs to /,.. and f,. It is in general possible to tell without any 
calculation what would be the sign of the result if the root of 
Fns(#) = 0 were substituted in f,.(v). Thus in Ex. 3, Art. 89, if 


the value — 3? which is the root of f,(7) = 0, be substituted 


for v in 92° - 277+ 11, the result is evidently positive; hence 


the sign of f,(~) is -, and there is no occasion to calculate the 
value — 1483 given for /,(7) in the example in question. 


(2). When it is possible in any way to recognize that all the 
roots of any one of Sturm’s functions are imaginary, we need 
not proceed to the calculation of any function beyond that one; 
for since such a function retains constantly the same sign for all 
values of the variable (Cor. Art. 12), no alteration in the number 
of changes of sign presented by it and the following functions 
can ever take place, so that the difference in the number of 
changes when two quantities a and 8 are substituted is indepen- 
dent of whatever variations of sign may exist in that part of 
the series which consists of the function in question and those 
following it. With a view to the application of this observation 
it is always well, when we arrive at the quadratic function 
(aa* + bw + c, suppose), to examine, in case the term containing 
# and the absolute term have the same sign (otherwise the roots 
could not be imaginary), whether the condition 4ac > 0? is ful- 
filled ; if so, we know that the roots are imaginary, and the cal- 
culation need not proceed farther. 

Similar observations apply to the case where one of the 
functions is a perfect square, since such a function cannot change 


its sign for real values of «. 
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EXAMPLES. 


1. Analyse the equation 


vt + 343 4+ 7224+ 107+1=0. 
We find i 
Sa(a) = — 294? — 78x + 14, 


fa(x) = — 1086 — 481, 
Ii{a= =. 


Here we see immediately that the value of x given by the equation fs(z) = 0, — 
which differs little from — 3, makes f2(x) positive; hence f(x) is negative. | 
There are two real, and two imaginary roots. The real roots lie in the intervals — 
REO RnS Yee eae Mey 3 

2. Analyse the equation 


zt — 423 — 34+ 23 =0. 
We find 
So (#) = 12x? + 9x — 89, 


J3(«) = — 491e + 1371, 


fa(z)= -. 


1371 1871 5 5 4 
He e € = 0 i — commen . 4 ae ‘ =-> — a | 
r J 3(%) gives w 491 > 500 > 2°74 > 5? and 2“ - makes | 


J2(x) positive ; hence the root of f3 (x) makes it positive also. 
There are two real and two imaginary roots. 
The real roots lie in the intervals {2,3}, {3, 4}. 
3. Analyse the equation 
2e4 — 13847 + 10% -—19=0. 


Here; Ai (x) = 403 — 182 + 5, 
Fz (x) = 18a" — 15x + 38. 


Since 4x 13 x 88> 16?, the roots of f2(x) are imaginary, and we proceed no a 
farther with the calculation of Sturm’s remainders. @ 
Substituting —o, 0, +0, we obtain 


(— 2) Po ey 
(0) ee ee 
(+ 2) oe ee 


There are two real roots, one positive, the other negative. 
4. Analyse the equation 
S (@) = a + 2a4 + a — 40? - 82-5 =0. 
Here 
Silx) = Sat + 823 + 822 — 8x — 3, 
Fo (x) = 628 + 6642 + 44x + 119, 


fa(x) = — 1162? — 57x — 223. 
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Since 4 x 116 x 223 > 57*, we may stop the calculation here. We find, on 
substituting -—o, 0, +0, 
(-) - + - -, 
(0) aa es 
(+ ©) ees oe Pe, 


There are four imaginary roots, and one real positive root. 


5. Find the number and situation of the real roots of the equation 
af — 208 — 7a? + 1024+ 10=0. 


Ans. The roots are all real, and are situated in the intervals 


as {-3, —2}, {-—1, 0}, and two between {2, 3}. 


6. Analyse the equation 
a + 8at + 243 — 3x? — 2x -2=0. 


It will be found that the calculation may cease with the quadratic remainder. 


Ans. There is only one real root : in the interval {1, 2}. 
| 7. Analyse the equation 
#3 + 11a? — 102% + 181=0. 
We find J2(%) = 854x% — 2751, 
J3(«) = 441. 


In some examples, of which the present is an instance, it is not easy to tell 
immediately what sign the root of the penultimate function gives to the preceding 


function. We have here calculated f3(z), and it turns out to be a much smaller 
_ number than might have been expected from the magnitude of the coefficients in fo(z). 


In fact when the root of f2(x) is substituted in f; (x) the positive part is nearly equal 
to the negative part. This is always an indication that two roots of the proposed 
equation are nearly equal. There are in the present instance two positive roots be- 
tween 3and 4. Subdividing the intervals, we find the two roots still to lie between 
3°2 and 3°3; so that they are very close together. We see here another illustra- 
tion of the continuity which exists between real and imaginary roots. If f3(z) 
turned out to be zero, the roots would be actually equal. If it turned ot to be a 
small negative number, the two nearly equal roots would be imaginary. 


8. Analyse the equation 
w+ at + 23 — 22? + 2a -1=0. 
The quadratic function is found to have imaginary roots. 
Ans. One real aa between {0, 1}; four imaginary roots. 
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9. Analyse the equation 


x® — 62° — 302? +1227 -9=0. 
We find 
S2(x) = 5x4 + 2027 +7; 
and as this has plainly all imaginary roots, the calculation may stop here. 


Ans. Two real roots; in the intervals {- 2, —1}, {6, 7}. 


10. Analyse the equation 


2x6 — 18> + 602+ — 12025 — 302? + 184-5 =0. 
We find 
Se(x) = xt + 22027 +1; 


and the calculation may stop. 4 
Ans. Two real roots; in the intervals {- 1,0}, {5,6}. 


11. Examine how the roots of the equation 
2x3 + 15x? — 842 — 190 = 0 


are situated in the several intervals between the numbers — 0, —7, 6, +o. 


Whenever, as in this example , any quantity makes one of the auxiliary functions 
vanish (here — 7 satisfies f(z) = 0), the zero may be disregarded in counting the 
number of changes of sign in the corresponding row; for, since the signs on each 
side of it are different, no alteration in the number of changes of sign inthe row 
could take place, whatever sign be supposed attached to the vanishing quantity. 

The roots are all real. There is one root between — o and — 7; and two be- — 
tween — 7 and 6. 

12. Analyse the equation 

3a* — 647 — 824 —3 = 0. 


Here Si(%) = 2 + b4—- 14, 
Sa (x) = 27x + 40, 
Sa(z) = +- 
The substitution of the above quantities gives 
(— 0) eas en es : 
ae) 5 a Acar ace | 
6) ee a ge oy | 
(+ «) ee Sere i a | 


We find 
Silx) = 323 — 34 - 2, 


fa(@) = (# +1) 
As f2(x) is a perfect square the calculation may cease. 
Ans. Two real roots ; in the intervals {- 1, 0}, {1, 2}. 
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should be all real and unequal. 
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y92. Conditions for the Reality of the Roots of an 
Equation.—The number of Sturm’s functions, including 
f(a), f’(«) and the n —1 remainders, will in general be n + 1. 
In certain cases, owing to the absence of terms in the proposed 
function, some of the remainders will be wanting. This can 
occur only when the proposed equation has imaginary roots; for 
it is plain that, in order to insure a loss of n changes of sign in 
the series of functions during the passage of w from — 0 to + 00 
(namely, in order that the equation should have all its roots 
real), all the functions must be present. And, moreover, they 
must all take the same sign when x =+ 0 ; and alternating 
signs when#=-— 0. Since the leading term of an equation is 
always taken with a positive sign, we may state the condition 
for the reality of all the roots of any equation (supposed not to 


have equal roots) as follows :—Zn order that ail the roots of an 


equation of the n degree should be real, the leading coefficients of 
all Sturm’s remainders, in number n — 1, must be positive. 


EXAMPLES. 
1. Find the condition that the roots of the equation 


ax? +2x7%+e=0 
should be real and unequal. 
Ans. 6? —ae>0. 

2. Find the conditions that the roots of the cubic 


2+3Hz+G=0°" 
When this cubic has its roots all real, it is evident that the ‘general cubic from 


which it is derived (Art. 36) has also its roots all real; so that, in investigating the 
conditions for the reality of the roots of a cubic in general, it is sufficient to discuss 


_the form here written. 


We find 
Sil) =2 + H, 
S2(2) = — 2Hz — G, 
fa(z) = — (@? + 4H). 
[In calculating these, before dividing fi (z) by f2(z), multiply the former by the 
positive factor 2H*.] 
Hence the required conditions are, H negative and G* + 4H® negative. 


These can be expressed as one condition, viz., G? + 4H® negative, since this 
implies the former (cf. Art. 43). 


0 
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3. Calculate Sturm’s remainders for the biquadratic 
of 4+ 6H +4624 e¢I-3H*=0. 


We find 
Ie (3) = — 3Hze? — 3Gz — (aI — 3H?), 


S3(2) = — (2HI — 3aJ)z — GI, 
fa(2) = F3 — 277". 
These are obtained without much difficulty by aid of the identity of Art. 37. 
Before dividing fi by f2, multiply by the positive factor 3H?; and when the re- © 


mainder is found, remove the positive factor a*. Before dividing f2 by f3, multiply 
by the positive factor (2HI— 8aJ)?; and when the remainder is found, remove the | 


positive factor a* H?. 
93. Conditions for the Reality of the Roots of a 

* Biquadratie.—In order to arrive at criteria of the nature of i 
the roots of the general algebraic equation of the fourth degree _ 
by Sturm’s method, it is sufficient to consider the equation of — 
Ex. 8 of the preceding Article. By aid of the forms of the | 
leading coefficients of Sturm’s remainders there calculated, we a 
can write down the conditions that all the roots of a biquadratie ; 
should be real and unequal in the form +e | 
HT negative, 2HI - 3aJd negative, I? - 27 J” positive. q 

It will be observed that the second of these conditions is 
different in form from the corresponding condition of Art. 68. 
To show the equivalence of the two forms it is necessary to 
prove that when # is negative and A positive, the further con- 
dition 2HI - 3aJ negative implies the condition aI — 12H? 
negative, and conversely. From the identity of Art. 37, 
written in the form - H(@’I- 12H”) = a (2HI - 3aJ) - 38@, | 
it readily appears that when H and 2HJ -3aJ are negative — 
aI — 12H?’ is necessarily negative. And to prove the converse 
we observe that when aJ is positive 2HI - 3aJ is negative, — 
since J is positive on account of the condition A positive; and — 
when aJ is negative 2HI - 3aJ is still negative, since the 
negative part 2HI exceeds the positive part - 3aJ, as may be 
readily shown by the aid of the inequalities 12H’ > @J and © 
la Lk ba if 
The student will have no difficulty in verifying, by means . 

of Sturm’s functions, the remaining conclusions arrived at in 4 
the different cases of Art. 68. : 
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EXAMPLES. 
1. Apply Budan’s method to separate the roots of the equation 
xt — 1623 + 692? — 70x —42=0. 


Ans. Roots in intervals {-1, 0}, {2, 3}, {4, 5}, {9, 10}. 
_ 2. Apply Sturm’s theorem to the analysis of the equation 


Y 


vw — 423 + Ta? —~6x-4=0. 


In analysing a biquadratic of this nature whieh has plainly two real roots, when 
a Sturmian remainder is reached whose leading coefficient is negative, the calculation 
may cease, since the other pair of roots must then be imaginary, and the positions 
of the real roots can be readily found by substitution in the given equation. 

Ans. Two roots imaginary ; real roots in intervals {— 1, 0}, {2, 3}. 


Ww 3. Analyse in a similar manner the equation 
x4 — 543 + 102? — 64 — 21 =0. 
“Ans. Two roots imaginary; real roots in intervals {-1, 0}, {3, 4}. 
4. Apply Sturm’s theorem to the analysis of the equation 
xt + 323 — x — 344+11=0. 
Ans. Roots all imaginary. 


5. Find by}]Sturm’s method the number and position of the real roots of the 
equation 
: x — 1023+ 64+1=0. 
Ans. Roots all real; one in the interval {- 4, — 3}; two in the interval 
{—1, 0}; and positive roots in the intervals {0,1}, {3, 4}. 


6. If, in the following, the sequences of ‘signs are those of the leading coef- 
ficients of Sturm’s remainders for a biquadratic, prove 


| Le + + + four real roots ; + - - two real roots ; 
ey aaa 
t ; + — + § no real root; —- + - cannot occur. 

| —- - + 


7. If the signs of the leading coefficients of the first two of Sturm’s remainders 
for a quintic be — +, prove that the number of real roots is determined. 
Ans. One real root only. 


: 8. If Hand J are both positive, prove that all the roots of the biquadratic are 
imaginary ; and that under the same conditions the quintic written with binomial 
Coefficients has‘only one real root. Mr. M. Roberts, Dublin Exam. Papers, 1862. 

a a 


~/ 
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9. Prove that, if ¢ has any value except unity, the equation 
cat — 2c? a8 + Qa -1=0 


has a pair of imaginary roots. 


10. Prove that the roots of the equation 
x — (a? + 0? + ce) x — 2abe=0 


are all real, and solve it when two of the quantities a, 0, c become equal. 


11. Prove that when the biquadratic 
ST (@) = av* + 4623 + 6ex? + 4du+e 
has a triple factor, it may be expressed in the form 
a f(x) = {ae +b4+V- H}3{ax+b-38V- FH}. 


12. Verify by means of Sturm’s remainders the conditions which must be ful- 
filled when the biquadratic of the previous example is a perfect square, and prove _ 
in that case q 

a f(x) = { (ax + 6)? + 3H }?*. 


13. If an equation of any degree, arranged according to powers of x, have three _ 
consecutive terms in geometric progression, prove that its roots cannot be all real. 
These three terms must be of the form kar + kaxt-! | ka®ar-?. Let the equation — 
be multiplied by -a. The resulting equation will have two consecutive terms _ 
absent, and must therefore have at least two imaginary roots; but all the roots of 
this equation except a are roots of the given equation. q 


14. If an equation have four consecutive coefficients in arithmetic progression, 
prove that its roots cannot be all real. q 
This can be reduced to the preceding example. Writing down four terms of the a 
proper form, and multiplying by x — 1, it readily appears that the resulting equation _ 
has three consecutive terms in geometric progression. : 


CHAPTER X. 


SOLUTION OF NUMERICAL EQUATIONS, 


94. Algebraical and Numerical Equations.—There is 
an essential distinction between the solutions of algebraical and 
numerical equations. In the former the result is a general for- 
mula of a purely symbolical character, which, being the general 
expression for a root, must represent all the roots indifferently. 
It must be such that, when for the functions of the coefficients 
involved in it the corresponding symmetric functions of the 
roots are substituted, the operations represented by the radical 
signs ,/, \/ become practicable; and when the square and 
cube roots of these symmetric functions are extracted, the whole 
expression in terms of the roots will reduce down to one root: 
the different roots resulting from the different combinations 
+,/ of square roots, and {/, wi/, w°s/ of cube roots. 
For a simple illustration of what is here stated we refer to the 
case of the quadraticin Art.55. In Articles 59 and 66 we have 
‘similar illustrations for the cubic and biquadratic. It is to be 
observed, also, that the formula which represents the root of an 
algebraic equation holds good even when the coefficients are 
imaginary quantities. 

In the case of numerical equations the roots are determined 
separately by the methods we are about to explain ; and, before 
attempting the approximation to any individual root, it is in 
general necessary that it should be situated in a known interval 
which contains no other real root. 

The real roots of numerical equations may be either com- 
mensurable or incommensurable; the former class including 
integers, fractions, and terminating or repeating decimals which 
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are reducible to fractions; the latter consisting of interminable 
decimals. The roots of the former class can be found exactly, 
and those of the latter approximated to with any degree of 
acouracy, by the methods we are about to explain. 

We shall commence by establishing a theorem which reduces 
the determination of the former class of roots to that of integral 
roots alone. 

95. Theorem.—An equation in which the coefficient of the 
jirst term is unity, and the coefficients of the other terms whole 
numbers, cannot have a commensurable root which is not a whole 
number. 

a 


For, if possible, let 5 


, a fraction in its lowest terms, be a 
root of the equation 
a + pie + pee t+ ww et Dnt + pn=0; 


- we have then 


a a + o\ + n= 0; 
b ame 1 b ie se or Pay b Pa= % 


from which, multiplying by 6", we obtain 


n 


eye pia” + pram b +... + Pn iad™? + pad". 
Now a” is not divisible by 6, and each term on the right-hand 
side of the equation is an integer. We have, therefore, a frac- 
tion in its lowest terms equal to an integer, which is impossible. 


Hence ; cannot be a root of the equation. The real roots of 
the equation, therefore, are either integers or incommensurable 
quantities. 


Every equation whose coefficients are finite numbers, frac- 
tional or not, can be reduced to the form in which the coefficient 
of the first term is unity and those of the other terms whole 
numbers (Art. 31); so that in this way, by the aid of a simple 


transformation, the determination of the commensurable roots "| 


in general can be reduced to that of integral roots. 


——— eee 
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We proceed to explain Newton’s process, called the Method 
of Divisors, of obtaining the integral roots of an equation whose 
coefficients are all integers. 

96. Newton’s Method of Divisors.—Suppose / to be an 
integral root of the equation 


Got +0 +... t+ Oni + G,= 0. (1) 
Let the quotient, when the polynomial is divided by « -h, be 
bo a + 02"? + 0. 1 + One + On, 


in which 6,, 0, &c., are plainly all integers. 
Proceeding as in Art. 8, we obtain the following equations :— 


Ay = bo, a,= by ues hbo, Az = b. —hb,, o 62h 16 
An-2 = bn-2 ee Nby_s5 An. = On T hbn_25 an = — hby1. 


_ The last of these equations proves that a, is divisible by h, 
the quotient being —0,_,. The second last, which is the same as 


An 
| An + ry = — hbn2, 
proves that the sum of the quotient thus obtained and the se- 
cond last coefficient is again divisible by 4, the quotient being 
—b, 2; and so on. 

Continuing the process, the last quotient obtained in this 
way will be — 4, which is equal to — a. . 

If we perform the process here indicated with all the divi- 
sors of a, which lie within the limits of the roots, those which 
satisfy the above conditions, giving integral quotients at each 
step, and a final quotient equal to — a, are roots of the proposed 
equation. Those which at any stage of the process give a frac- 

tional quotient are to be rejected. 

When the coefficient a = 1, we know by the theorem of the 
last Article that the integral roots determined in this way are 
all the commensurable roots of the proposed equation. If a be 
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not=1, the process will still give the integral roots of the equa- 
tion as it stands; but to be sure of determining in this way all 
the commensurable roots, the equation must be first transformed 
to one which shall have the coefficient of the highest term equal 
to unity. 7 

97. Application of the Method of Divisors.— With a 
view to the most convenient mode of applying the Method of 
Divisors, we write the series of operations as follows, in a manner ~ 
analogous to Art. 8 :— 


An An-1 An-2 eee Ae ay QA 


A OR ee 


—hbn2 -hbns —-hb -hb 0 


The first}figure in the second line (-6,.) is obtained by 
dividing a,by h. This is to be added to a,, to obtain the first 
figure in the third line (- Ad, .)._ This is to be divided by / to 
obtain the second figure in the second line (—d,.); this to be 
added to d,.;and so on. If h be a root, the last figure in the 
second line thus obtained will be - a. 

When we succeed in proving in this manner that any integer 
h isa root, the next operation with any divisor may be performed, 
not on the original coefficients dn, dna, -..-, but on those of the 
second line with their signs changed, for these are the coefficients 
of the quotient when the original polynomial is divided by 2 — h. 
When any divisor gives at any stage a fractional result it is to 
be rejected at once, and the operation so far as it is concerned 
stopped. 

The numbers 1 and - 1, which are always of course integral 
divisors of a,, need not be included in the number of trial divisors. ~ 
It is more convenient before applying the Method of Divisors to 
determine by direct substitution whether either of these numbers 
is a root. 
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EXAMPLES. 


1. Find the integral roots of the equation 
xt — 2x3 — 132? + 38% — 24=0. 


By grouping the terms (see Art. 79) we observe without difficulty that all the 
roots lie between —5 and+5. ‘The following divisors are possible roots :— 
we tae +9. 2° 8, 64, 


We commence with 4: 


— 24 38 —13 —2 1 
—6 8 
32 — 5 


The operation stops here, for since — 5 is not divisible by 4, 4 cannot be a root. 
We proceed then with the number 3 : 


— 24 38 —158 —2 1 
- 8 10 -1 —1 
30 —- 3 —3 0; 


hence 3 is a root; and in proceeding with the next integer, 2, we make use, as 
above explained, of the coefficients of the second line with signs changed : 


8 — 10 1 1 
4 -—3 -1 
— 6 —2 0; 


hence 2 also is a root; and we proceed with — 2: 


—4 3 1 
2 


5; 


hence — 2 is not a root, for it does not divide 5. — 3 is plainly not a root, for it 
does not divide — 4. 

[We might at once have struck out — 3 as not being a divisor of the absolute 
term 8 of the reduced polynomial. This remark will often be of use in diminishing 
the number of divisors* 
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We proceed now to the last divisor, — 4: 


-—4 3 1 
1 -—1 
4 0 


Thus — 4 is a root. 
The equation has, therefore, the integral roots 3, 2, --4; and the last stage of . 
the operation shows that when the original polynomial is divided by the binomials 4 
2 — 3, 2— 2, 244, the result is r—1; sothat1lis alsoa root. Hence the original 3 
polynomial is equivalent to @ 
(~ — 1) (w — 2) (x — 3) (x + 4). 

2. Find the integral roots of 

dat — 2323 + 362? + 3lz — 30=0. 


The roots lie between — 2 and 8; hence. we have only to test the divisors | 


58.5 6. | - 
We find immediately that 6 is not a root. yi 
For 5 we have 

— 30 31 35 — 23 3 
— 6 5 8 —3 
25 40. = 16 0; 


hence 5 isa root. For 3 we have 


6 ae oa 
2 ms ray | 
-$ -9 9; 


hence 3 is a root; and we easily find that 2 is not a root. 
The quotient, when the original polynomial is divided by (% — 5) (4 — 3), is, from 


the last operation, 
ba? +4-2: 


of this 1 is not a root, and —1isaroot. Hence all the integral roots of the pro 
posed equation are — 1, 3, 5. 
The other root of the equation is > Itisa commensurable root ; but, not being 
integral, is not given in the above operation. 
} 3. Find all the roots of the equation 
xv + 2 — 227 + 44 —-24=0. 


Limits of the roots are — 4, 3. i 
Ans. Roots — 8, 2, + 2\/—1. , 
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4, Find all the roots of the equation 


av* — 2x43 — 192? + 68x — 60 = 0. 


The roots lie between —6 and 6. 


We find that 2, 3, — 5 are roots, and that the factor left after the final division 
is  — 2; hence 2 is a double root. The polynomial is therefore equivalent to 


(@ — 2) (w — 3) (« +5). . 


In Art. 99 the case of multiple roots will be further considered. 


98. Method of Limiting the Number of Divisors.— 
It is possible of course to determine by direct substitution 
whether any of the divisors of a, are roots of the proposed equa- 
tion; but Newton’s method has the advantage, as the above 
examples show, that some of the divisors are rejected after very 
little labour. It has a further advantage which will now be 
explained. When the number of divisors of a, within the limits 
of the roots is large, it is important to be able, before proceeding 


with the application of the method in detail, to diminish the 


number of these divisors which need be tested. This can be 
done as follows :— 

If h is an integral root of f(x) =0, f (x) is divisible by x — h, 
and the coefficients of the quotient are integers, as was above 


explained. If therefore we assign to x any integral value, the 
quotient of the corresponding value of f(x) by the correspond- 


ing value of «-Amust bean integer. We take, for convenience, 
the simplest integers 1 and -1; and, before testing any divisor h, 
we subject it to the condition that f(1) must be divisible by 
1-A (or, changing the sign, by 4 —- 1); and that f(- 1) must 
be divisible by — 1 — A (or, changing the sign, by 1 + A). 

In applying this observation it will be found convenient to 
calculate f (1) and f(— 1) in the first instance: if either of these 
vanishes, the corresponding integer is a root, and we proceed 
with the operation on the reduced polynomial whose coefticients 
have ‘been ascertained in the process of finding the result of 
substituting the integer in question. 
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EXAMPLES. 


i. a — 23a* + 16023 — 281a? — 2574 — 440 = 0. 


The roots lie between — 1 and 24. 

We have the following divisors :— 

Sr eg oR ae ee Oe ee 

We easily find 

f(1) =— 840, and f(-1) =— 648. 

We therefore exclude all the above divisors, which, when diminished by 1, do 
not divide 840; and which, when increased by 1, do not divide 648. The first 
condition excludes 10 and 20, and the second 4 and 22. Applying the Method of 
Divisors to the remaining integers 2, 5, 8, 11, we find that 5, 8, and 11 are roots, 


and that the resulting quotient is 2 -+2+1. Hence the given polynomial is equi- 
valent to 


(uw — 5) (« — 8) (e@ — 11) (a +241). 
2. xv — 2924 — 3173 + 31a? — 327 4+ 60 = 0. 
The roots lie between —3 and 382. 
Divisors : — 2, 2, 3, 4, 5, 6, 10, 12, 15, 20, 30. 


JF (1) = 0; sol is a root. 
J (— 1) = 124; and the above condition excludes all the divisors except — 2, 3, 30. 


eae ae y 


ee ee ee 


We easily find that —2 and 30 are roots, and that the final quotient is a7 +1. — | 


The given polynomial is equivalent to (a — 1)(# — 30) (% + 2) (7 + 1). 


99. Determination of Multiple Roots.—The Method 
of Divisors determines multiple roots when they are commen- 
surable. In applying the method, when any divisor of a, which 
is found to be a root is a divisor of the absolute term of the re- 
duced polynomial, we must proceed to try whether it is also a 
root of the latter, in which case it will be a double root of the 
proposed equation. If it be found to be a root of the next 
reduced polynomial, it will be a triple root of the proposed; and 


soon. Whenever inan equation of any degree there exists only 


one roultiple root, 7 times repeated, it can be found in this way ; 
for the common measure of f(x) and /’(x) will then be of the 


form (#- a)", and the coefficients of this could not be com-— 


mensurable if a were incommensurable. 
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Multiple roots of equations of the third, fourth, and fifth 
degrees can be completely determined without the use of the 
process of finding the greatest common measure, as will appear 
from the following observations :— 


(1). The Cubice.—In this case multiple roots must be com- 
mensurable, since the degree is not high enough to allow of two 
distinct roots being repeated. 


(2). The Biquadratic.—In this case either the multiple roots 
are commensurable or the function is a perfect square. Forjthe 
only form of biquadratic which admits of two distinct roots 
being repeated is 


(w — a)*(@ — f)’, 


i.e. the square of a quadratic. The roots of the quadratic may 
be incommensurablo. If we find, therefore, that a biquadratic 
has no commensurable roots, we must try whether it is a per- 
fect square in order to determine further whether it has equal 
incommensurable roots. 


(3). The Quintic.—In this case, either the multiple roots are 
commensurable, or the function consists of a linear commensurable 
factor multiplied by the square of a quadratic factor. For, in 
order that two distinct roots may be repeated, the function must 
take one or other of the forms 


(#—a)*(w- B)*(w@-y), (@- a)*(@ - B)”. 


In the latter case the roots cannot be incommensurable; but the 
former may correspond to the case of a commensurable factor 
multiplied by the square of a quadratic whose roots are incom- 
mensurable. If then a quintic be found to have no commen- 
surable roots it can have no multiple roots. If it be found to 
have one commensurable root only, we must examine whether 
the remaining factor is a perfect square. If it have more than 
one commensurable root, the multiple roots will be found among 
the commensurable roots. 
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EXAMPLES. 
1. Find all the commensurable roots of 
20° — 3lz? + 112%+ 64=0. 


The roots lie between the limits — 1, 16. The divisors are 2, 4, 8. 


64 112 = $i 2 
8 15 nth 
120 —16 0; 


-8 is therefore a root. Proceed now with the reduced equation : 


—8 —15 2 
- 1 —2 
— 16 a: 


-8 is a root again, and the remaining factor is 2% + 1. 3 a 
Ans, f (2) = (2¢ +1)(¢-8)% 
2. Find the commensurable and multiple roots of 


xu* — #3 — 30x? — 764 —56 = 0. 


The roots lie between the limits — 6,12. (Apply method of Ex. 10, Art. 80). 
Ans. f (v) = (4 + 2)3(# — 7). 
3. Find the commensurable and multiple roots of 


Qat — 1243 — 71a? — 407 +16 = 0. 


The roots lie between the limits — 2, 5. 


The equation as it stands is found to have no integral root ; but it may still ha oe 
a commensurable root. To test this we multiply the roots by 3 in order to get rid 
of the coefficient of #*. We find then 


x — 443 — 71a? — 1202 + 144 =0. 
Limits: —6, 165. 
We find — 4 to be a double root of this, and the function to be equivalent 
(a? — 12% + 9)(~+4)*. The original equation is therefore identical with the 
lowing :— 
(a® — 4a + 1)(8¢ + 4)? =0, © 
4. Find the commensurable and multiple roots of 


xt + 12a + 32a —- 244 4+4=0. 
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The roots lie between —12 and 1. The only divisors to be tested are, therefore, 
—4,—2, —1. We find that the equation has no commensurable root. We pro- 
ceed to try whether the given function is a perfect square. This can be done by 
extracting the square root, or by applying the conditions of Ex. 8, p.128. We find 
that it is the square of 2? + 6x — 2(cf. Ex. 1, p. 161). Hence the given equation 
has two pairs of equal roots, both incommensurable. 

5. Find the commensurable and multiple roots of 


S (x) = a — x — 1203 + 82? + 282 +12 =0. 
The limits of the rootsare —4, 4. 
We find that —3 is a root, and that the reduced equation is 
wt—4e34 824+4=0, 
and that there is no other commensurable root. 

The only case of possible occurrence of multiple roots is, therefore, when this 
latter function is a perfect square. It is found tobe a perfect square, and we have 
SF (x) = (x? — 2u — 2)? (w + 8). 

6. Find the commensurable and multiple roots of 
SF (x) = @ — 8x* + 2223 — 262? + 214 —18 = 0. 
Ans. f (x) = (x? + 1) (@ — 2) (4 — 8). 
7. The following equation has only two different roots: find them :— 
x® — 1324 + 6743 — 1712? + 2167 — 108 = 0. 


In general it is obvious that if an integral root / occurs twice, the last coefficient 
must contain /? as a factor, and the second last 4; if the root occurs three times, 
A ® must be a factor of the last, h? of the second last, and / of the third last coef- 
ficient. The last coefficient here = 2? . 33. Hence, if neither —1 nor 1 is a root, 


_ the required roots must be 2 and 3. That these are the roots is easily verified. 


8. The equation 
800a* — 10247 -x~+3=0 


has equal roots: find all the roots. 


In this example it is convenient to change the roots into their reciprocals before 
applying the Method of Divisors. 
, Ans. f (x) = (10x — 3) (5% — 1) (4% + 1)?. 


100. Newton’s Method of Approximation.—Having 
shown how the commensurable roots of equations may be ob- 
tained, we proceed to give an account of certain methods of 
obtaining approximate values of the incommensurable roots. 
The method of approximation, commonly ascribed to Newton,* 
which forms the subject of the present Article, is valuable as 


* See Note B at the end of the volume. 
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being applicable to numerical equations involving transcendental 
as well as those involving algebraical functions only. Although 
when applied to the latter class of functions Newton’s method is, 
for practical purposes, inferior in form to Horner’s, which will 
be explained in the following Articles, yet in principle both 
methods are to a great extent identical. 

In all methods of approximation the root we are seeking is 
supposed to be separated from the other roots, and to be situated 
in a known interval between close limits. 

Let f(v) = 0 be a given equation, and suppose a value a to 


be known, differing by a small quantity from a root of the 
equation. We have then, since a + is a root of the equation, _ 


f(a+h)= 93 or 


I (a) +f@h+oO he ras. S 


Neglecting now, since / is small, all powers of / higher than the _ 


first, we have 
f(a) + f(a) h=0, 
giving, as a first approximation to the root, the value 
f(a) 
Ge a 
Ia) 


Representing this value by 4, and applying ‘the same process a . 


second time, we find as a closer approximation 


(0) 
°F) 


By repeating this process the approximation can be carried , 


to any degree of accuracy required. 


EXAMPLE. 
Find an approximate value of the positive root of the equation 
v—24—-—5=0, 


The root lies between 2 and 3 (Ex. 1, Art. 89). Narrowing the limits, the root is _ 
found to lie between 2 and 2:2. We take 2-1 as the quantity represented bya. It — 
cannot differ from the true value a+ h of the root by more than 0:1. Weffind 


easily 
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A first approximation is, therefore, 


2°1 — 0°00543 = 2°0946, 
— .. ne : 
Taking this as 4, and calculating the fraction Fo’ we obtain 
Ff (2) 
b —*—— = 2°09455148 
Aas 
for a second approximation ; and so on. 


The approximation in Newton’s methodis, in general, rapid. 
When, however, the root we are seeking is accompanied by an- 


other nearly equal to it, the fraction is not necessarily small, 
since the value of either of the nearly equal roots reduces /” (x) to 
a small quantity. <A case of this kind requires special precau- 
tions. We do not enter into any further discussion of the 
method, since for practical purposes it may be regarded as 
entirely superseded by Horner’s method, which will now be 
explained. 

101. Morner’s Method of Solving Numerical Equa- 
tions.— By this method both the commensurable and incom- 
mensurable roots can be obtained. ‘The root is evolved figure 
by figure: first the integral part (if any), and then the decimal 
part, till the root terminates if it be commensurable, or to any 
number of places required if it be incommensurable. The pro- 
cess is similar to the known processes of extraction of the square 
and cube root, which are, indeed, only particular cases of the 
general solution by the present method of quadratic and cubic 


equations. 


The main principle involved in Horner’s method is the suc- 
cessive diminution of the roots of the given equation by known 
quantities, in the manner explained in Art. 83. The great ad- 


vantage of the method is, that the successive transformations 


are exhibited in a compact arithmetical form, and the root 
obtained by one continuous process correct to any number of 
places of decimals required. 

This principle of the diminution of the roots will be illus- 


_ trated in the present Article by some simple examples. In the 


bs 
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following Articles we shall proceed to certain considerations. 
which tend to facilitate the practical application of the method 7 


EXAMPLES. 


1. Find the positive root of the equation 
— 852? — 854 — 87 = 0. 


The first step, when any numerical equation is proposed for solution, is to find th 
Jirst figure of the root. This can usually be done by a few trials; although in cer 
tain cases the methods of separation of the roots explained in Chap. IX. may have _ 
to be employed. In the present example there can be only one positive root; and — 3 
it is found by trial to lie between 40 and 50. Thus the first figure of the root is 4. 
We now diminish the roots by 40. The transformed equation will have one root 
between 0 and 10. It is found by trial to lie between 3 and 4. We now diminish — 
the roots of the transformed equation by 3; so that the roots of the proposed equa : 
tion will be diminished by 43. The accor transformed equation will have one root — 
between 0 and 1. On diminishing the roots of this latter equation by °5, we find . 
that its absolute term is reduced to zero, i.e. the diminution of the roots of the pro- 
posed equation by 43°5 reduces its absolute term to zero. We conclude that 43°6 is” 
a root of the given equation. The series of arithmetical operations is represented a 
follows :— ’ 


2 — 85 — 85 a (43-5 
80 — 200 ~ 11400 
—5 — 285 — 11487 
80 3000 9594 
75 2715 — 1893 
80 483 1893 
155 3198 0 
6 501 
161 3699 
6 87 
167 3786 
6 
173 
1 
174 


The broken lines mark the conclusion of each transformation, and the figures in ~ | 
dark type are the coefficients of the successive transformed equations (see Art 
Thus 


22° + 1552? + 2715¢ — 11487 = 0 
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is the equation whose roots are each less by 40 than the roots of the given equation, 
and whose positive root is found to lie between 3 and 4. If the second transformed 
equation had not an exact root *d ; but one, we shall suppose, between ‘5 and -6, the 
first three figures of the root of the proposed equation would be 43-5; and to find 
the next figure we should proceed to a further transformation, diminishing the roots 
by 5; and so on. 


2. Find the positive root of the equation 
4x3 — 13x? — 31x — 275 = 0. 


We first write down the arithmetical work, and proceed to make certain observations 
on it :— 


4 "18 al = 215%) (6°25 
24 66 210 
ll 35 — 65 
24 210 51°392 
35 245 ~ 13-608 
24 11-96 13-608 
59 256-96 0 
8 12°12 
59:8 269-08 
8 3-08 
60°6 27216 
8 
61-4 
“2 
61-6 


We find by trial that the proposed equation has its positive root between 6 and 7, 
| The first figure of the root is, therefore, 6. Diminish theroots by 6. The equation 


v3 + 592? + 2454 — 65 = 0 


: © has, therefore, a root between 0 andl. It is found by trial to lie between -2 and°3. 


The first two figures of the root of the proposed are therefore 6-2. Diminish the 


roots again by -2. The transformed equation is found to have the root -05. Hence 
_ 6°25 is a root of the proposed equation. 

It is convenient in practice to avoid the use of the decimal points. This can 
easily be effected as follows :—When the decimal part of the root (suppose -abe. . .) 
__ is about to appear, multiply the roots of the corresponding transformed equation by 

10, i.e. annex one zero to the right of the figure in the first column, two to the right 
__ of the figure in the second column, three to the right of that in the third; and soon, 
if there be more columns (as there will of course be in equations of a degree higher 


than the third). The root of the transformed equation is then, not -abe..., but 


be... Diminish the roots ‘by a. The transformed equation has a root *bc... 
_ Multiply the roots of this equation again by 10. The root becomes be wsc 5 and 


P22 
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the process is continued as before. To illustrate this we repeat the above operation, 
omitting the decimal points. In all subsequent examples this simplification will be 
adopted :— 


4 -13 —31 — 275 (6-25 

24 66 210 

11 35 — 65000 

24 210 51392 

3. 85 24500 — 18608000 | 

24 1196 13608000 | 

590 25696 0 “ 
8 1212 

598 2690800 
8 30800 

606 2721600 : 
8 : 

6140 : 
20 | 

6160 | 


3. Find the positive root of the equation 
2025 — 1217? — 121% —- 141 =0. 


The root is easily found to lie between 7 and 8. It is, therefore, of the form _ 
7.ab... When the roots are diminished by 7, and multiplied by 10, the resulting _ 


equation is 
202° + 29902? + 1125002 — 57000 = 0. 


The positive root of thisis a@.6...; and asthe root plainly lies between 0 and 1, | 
we havea=0. We therefore place zero as the first figure in the decimal part of 
the root, and multiply the roots again by 10, before proceeding to the second trans- 
formation. 6 is easily seen to be a root of the equation thus transformed. 

Ans. 7°05. 

In the examples here considered the root terminates at an 
early stage. When the calculation is of greater length, if it a 
were necessary to find the successive figures by substitution, — 
the labour of the process would be very great. This, however, ‘ 
is not necessary, as will appear in the next Article; and one of — 
the most valuable practical advantages of Horner’s method is, — 
that after the second, or third (sometimes even after the first) 
figure of the root is found, the transformed equation itself suggests i 
by mere inspection the next figure of the root. The principle of a 
this simplification will now be explained. } 
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102. Principle of the Trial-divisor.— We have seen in 
Art. 100 that when an equation is transformed by the substitution 
of a+ hfor w, a being a number differing from the true root by 
a quantity / small in proportion to a, an approximate numeri- 
eal value of # is obtained by dividing f(a) by f’(a). Now the 
successive transformed equations in Horner’s process are the 
results of transformations of this kind, the last coefficient being 
J (a), and the second last 7’(a) (see Art. 33). Hence, after two 
or three steps have been completed, so that the part of the root 
remaining bears a small ratio to the part already evolved, we 
may expect to be furnished with two or three more figures of the 
root correctly by mere division of the last by the second last 
coefficient of the final transformed equation. We might there- 
fore, if we pleased, at any stage of Horner’s operations, apply 
Newton’s method to get a further approximation to the root. In 


- Horner’s method this principle is employed to suggest the next 


following figure of the root after the figures already obtained. 
The second last coefficient of each transformed equation is called 
the trial-divisor. Thus, in the second example of the last Ar- 
ticle, the number 5 is correctly suggested by the trial-divisor 
2690800 In this example, indeed, the second figure of the 
root is correctly suggested by the trial-divisor of the first trans- 
formed equation, although, in general, this is not the case. In 
practice the student will have to estimate the probable effect of 
the leading coefficients of the transformed equation ; he will find, 
however, that the influence of these terms becomes less and less 
as the evolution of the root proceeds. 


EXAMPLES. 
1. Find the positive root of the equation 
o+2*+e2-100=0 


correct to four decimal places. 
It is easily seen that the root lies between 4 and 6. We write down the work, 
and proceed to make observations on it :— 
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1 1 1 — 100 (42644 
4 20 84. : 
5 21 — 16000 
4 36 11928 | 
9 5700 ~ 4072000 
4 264 3788376 ; 

130 5964 — 283624000 : 
2 268 256071744 ; 
132 623200 — 27552256 | 
2 8196 a 
134 631396 1 
2 8232 if 
1360 63962800 A 
6 55136 . 
1366 64017936 af 
6 55152 4 
1372 64073088 
6 : | 
13780 : 
4 : 
13784 4 
4 : 
13788 : 
13792 : 
te 


First diminish the roots by 4. As the decimal part is now about to appear, at~ : 
tach ciphers to the coefficients of the transformed equation as explained in Ex. 2, : 
Art. 101. Since the coefficient 130 is small in proportion to 5700, we may expel : 
that the trial divisor will give a good indication of the next figure. The figure to — 
be adopted in every case as part of the root is that highest number which in the pro- — 
cess of transformation will not change the sign of the absolute term. Tere 2 is the 
proper figure. In diminishing by 2 the roots of the transformed equation 


2° + 130a% + 5700x — 16000 = 0, . 
the absolute term retains its sign (— 4072). If we had adopted the figure 3, the 
absolute term would have become positive, the change of sign showing that we had | 
gone beyond the root. We must take care that, after the first transformation (the . 


reason of this restriction will appear in the next example), the absolute term pre- [ 
serves its sign throughout the operation. If we were to take by mistake a number 


the next suggested number being greater than 9. Such a mistake, however, will — 
rarely be made. The error which is most common is to take the number too larger a 
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and this will show itself in the work by the change of signin the absolute term. In 
the above work it is evident, without performing the fifth transformation, that the 
corresponding figure of the root is 4, so that the correct root to four decimal places 


is 4°2644. 


2. The equation at + 403 — 4¢? -1ll~+4=0 


has one root between 1 and 2; find its value correct to four decimal places. 


4 = omit 4 (1°6369 
1 5 1 10 
5 1 mt — 60000 
1 6 7 50976 
6 7 — 3000 — 90240000 
1 7 11496 72690561 
7 1400 8496 — 175494890000 
516 14808 152131052016 
80 1916 23304000 — 23363337984 
6 562 926187 
86 2468 24230187 
6 588 935601 
92 305600 25165788000 
6 3129 189387336 
98 308729 25355175336 
6 3138 189766488 
1040 311867 25544941824 
3 3147 
1043 31501400 
3 63156 
1046 31564556 
3 63192 
1049 31627748 
3 ese 
10520 31690976 
6 
10526 
6 
10532 
6 
10538 
6 
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We see without completing the fifth transformation that 9 is the next figure of 
the root. The root is, therefore, 1°6369 correct to four decimal places. 

The trial-divisor becomes effective after the second transformation, suggesting 
correctly the number 3, and all subsequent numbers. The first transformed equation 
has its last two terms negative. We may expect, therefore, that the influence of 
the preceding coefficients is greater than that of the trial-divisor, as in fact is here ay 
the case. The number 6, the second figure of the root, must be found by substitu- 
tion. We have to determine what is the situation between 0 and 10 of the root of 


the equation 
x* + 8025 + 1400z? — 3000x — 60000 = 0. 


A few trials show that 6 gives a negative, and 7 a positive result. Hencethe  _ 
root lies between 6 and 7; and 6 is the number of which we are in search. In the a 
subsequent trials we take those greatest numbers 3, 6, 9, in succession, which allow : 
the absolute term to retain its negative sign. In the first transformation, diminishing 
the roots by 1, there is a change of sign in the absolute term. The meaning of this 
is, that we have passed over a root lying between 0 and 1, for 0 gives a positive 
result, 4; and 1 gives a negative result, —6. In all subsequent transformations, 
so long as we keep below the root, the sign of the absolute term must be the same 
as the sign resulting from the substitution of 1. This supposes of course that no 
root lies between 1 and that of which we are in search. This supposition we have 
already made in the statement of the question. In fact the proposed equation can 
have only two positive roots ; one of them lies between 0 and 1, and therefore only 
one between 1 and 2. 

When two roots exist between the limits employed in Horner’s method, 
i.e. when the equation has a pair of roots nearly equal, certain precautions must be 
observed which will form the subject of a subsequent Article. 

3. Find the root of the preceding equation between 0 and 1 to four decimal places. 
Commence by multiplying by 10. The coefficients are then 


1, 40, — 400, — 11000, 40000; 


the trial-divisor becomes effective at once in consequence of the comparative small- 
ness of the leading coefficients. The positive sign of the absolute term must be pre- 
served throughout. Ans. *3373 
4. Find to three places of decimals the root situated between 9 and 10 of the 
equation 
at — 3x? + 75x — 10000 = 0. 


[Supply the zero coefficient of x3. ] Ans. 9°886.— 


In the examples hitherto considered the root has been found — 
to a few decimal places only. We proceed now to explain a 


method by which, after three or four places of decimals have 


been evolved as above, several more may be correctly obtained 
with great facility by a contracted process. 


Contraction of Horner’s Process. ae 


103. Contraction of Horner’s Process.—In the ordi- 
nary process of contracted Division, when the given figures are 
exhausted, in place of appending ciphers to the successive divi- 
dends, we cut off figures successively from the right of the 
divisor, so that the divisor itself becomes exhausted after a num- 
ber of steps depending on the number of figures it contains. 
The resulting quotient will differ from the true quotient in the 
last figure only, or at most in the last two figures. In Horner’s 
contracted method the principle is the same. We retain those 
figures only which are effective in contributing to the result to 
the degree of approximation desired. When the contracted 
process commences, in place of appending ciphers to the succes- 
sive coefficients of the transformed equation in the way before 
explained, we cut off one figure from the right of the last coef- 
ficient but one, two from the right of the last coefficient but two, 
three from the right of the last coefficient but three; and so on. 
The effect of this is to retain in their proper places the im- 
portant figures in the work, and to banish altogether those which 
are of little importance. 

The student will do well to compare the first transformation 
by the contracted process in the first of the following examples 
with the corresponding step in the second example of the last 
Article, where the transformation is exhibited in full. He will 
then observe how the leading figures (those which are most 
important in contributing to the result) coincide in both cases, 
and retain their relative places; while the figures of little im- 
portance are entirely dispensed with. 

In addition to the contraction now explained, other abbrevia- 
tions of Horner’s process are sometimes recommended; but as 
the advantage to be derived from them is small, and as they 
increase the chances of error, we do not think it necessary to 
give any account of them. The contraction here explained is 
of so much importance in the practical application of Horner’s 
method of approximation that no account of this method is 
complete without it. 
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EXAMPLES. 


1. Find the root between 1 and 2 of the equation in Ex. 2 of the last Article 
correct to seven or eight decimal places. : 

Assuming the result of the Example referred to, we shall commence the con- 
tracted process after the third transformation has been completed. The subsequent 
work stands as follows :— 


1082 315014 25165788 — 17549439 (1°636913575 
6 18936 15213090 
3156 2535515 — 2336349 
6 18972 2301597 
3162 2554484 — 34752 
6 285 25601 
3168 255733 — 9151 
285 7680 
8 256018 — 1471 
1280 
- 191 
179 
12 


Here the effect of the first cutting off of figures, namely, 8 from the second last 
coefficient, 14 from the third last, and 052 from the fourth last, is to banish alto- 
gether the first coefficient of the biquadratic. We proceed to diminish the roots by 2 
6 as if the coefficients 1, 3150, 2516578, — 17549489 which are left were those of a . 
cubic equation. In multiplying by the corresponding figure of the root the figures 
cut off should be multiplied mentally, and account taken of the number to be carried, 
just as in eontracted division. * 

After the diminution by 6 has been completed, we cut off again in the transformed 


cubic 7 from the last coefficient but one, 68 from the last but two, and the first Ea 


coeflicient disappears altogether. The work then proceeds as if we were dealing @ 
with the coefficients 31, 255448, — 2336349 of a quadratic. The effect of the next 
process of cutting off is to banish altogether the leading coefficient 31. The sub- — 

sequent work coincides with that of contracted division. When the operation ter- . 
minates, the number of decimals in the quotient may be depended on up to the last 
two or three figures. The extent to which the evolution of the root must be — 


carried before the contracted process is commenced depends on the number of decimal 5 ; 
places required; for after the contraction commences we shall be furnished, inaddi- — 


tion to the figures already evolved, with as many more as there are figures in the © 
trial-divisor, less one. 
2. Find to seven or eight decimal places the root of the equation 


a*—127+7=0 
which lies between 2 and 3. 


KHzamples. 


This equation can have only two positive roots: one lies b 


219 


etween 0 and 1, and 


the other between 2and 3. For the evolution of the latter we have the following :— 


1 0 0 ie ’ (2:047275671 
2 4 8 § 
2 4 ai ~ 100000000 
2 8 24 83891456 
4 12 | 20000000 — 16108544 
2 12 | 972864 15493401 
“Se 240000 20972864 — 615143 
2 3216 985792 446262 
800 243216 21958656 — 168881 
3232 17478 156226 
804 246448 2213343 — 12655 
3248 17478 11159 
. 249696 223082), ~ 1496 
4 2496 49 1338 
812 223131 — 158 
4 49 156 
BiG 4 223180 2 


On this we remark, that after diminishing the roots by 2, and multiplying the roots 
of the transformed equation by 10, we find that the trial-divisor 20000 will not ‘‘go 
into’’ the absolute term 10000; we put, therefore, zero in the quotient, and mul- 


tiply again by 10, and then proceed as before. 


3. Find the root of the same equation which lies between 0 and 1. 


4. Find the positive root of the equation 


x? + 24°842? — 67°613x — 3761°2758 = 0. 


Ans. *593685829. 


[When the coefficients of the proposed equation contain decimal points, it will 


be found that they soon disappear in the work in consequence 
by 10 after the decimal part of the root begins to appear. | 


5. Find the negative root of the equation 


zt — 1227+ 12x-3=0 


to seven places of decimals. 


of the multiplications. 


Ans. 11°1973222. 


When a negative root has to be found, it is convenient to change the sign of x 
and find the corresponding positive root of the transformed equation. 


Ans. — 3°9073785. 


utes 
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104. Application of Horner’s Method to Cases where 
Roots are nearly Equal.— We have seen in Art. 100 that the 
method of approximation there explained fails when the pro- 
posed equation has two roots nearly equal. Hxamples of this 
nature are those which present most difficulties, both in their 
analysis (see Ex. 7, Art. 91) and in their solution. By Horner’s 
method it is possible, with very little more labour than is neces-— 
sary in other cases, to effect the solution of such equations. So 
long as the leading figures of the two roots are the same certain 
precautions must be observed, which will be illustrated by the 
following examples. After the two roots have been separated, © 
the subsequent calculation proceeds for each root separately, just 
as in the examples of the previous Articles. It is evident, from 
the explanation of the trial-divisor given in Art. 102, that for 
the same reason as that which explains the failure of Newton’s 
method in the case under consideration (see Art. 100), it will 
not become effective till the first or second stage after the roots 
have been separated. 


EXAMPLES. 
1. The equation 
28 —T2+7=0 

has two roots between 1 and 2 (see Ex. 2, Art. 89); find each of them to eight de- 
cimal places. 

Diminishing the roots by 1, we find that the transformed equation (after its — 
roots are multiplied by 10), viz. 

x* + 30x? — 400x + 1000 = 0, 


must have two roots between 0 and 10. We find that these roots lie, one between 
3 and 4, and the other between 6 and 7. The roots are now separated, and we pro- ~ 
ceed with each separately in the manner already explained. If the roots were not — 
separated at this stage, we should find the leading figure common to the two, and, 
having diminished the roots by it, find in what intervals the roots of the resulting : 


equation were situated ; and so on. 
Ans. 1°35689584, 1°69202147. 


2. Find the two roots of the equation 
; a — 49a? + 668% — 1379 = 0 


which lie between 20 and 30. 
We shall exhibit the complete work of approximation to the smaller of the two 


roots to seven places; and then make certain observations which will be a guide to 


the student in all cases of the kind. 


Examples. 


1 — 49 658 — 1379 
20 — 580 1560 
— 29 78 181 
20 ~— 180 — 180 
eg — 102 1000 
20 42 — 992 
11 — 60 8000 
3 51 — 6739 
14 — 900 1261000 
3 404 — 1217403 
17 — 496 43597 
3 408 —34183 
200 — 8800 9414 
2 2061 — 6786 
202 ~ 6739 2628 
2 2062 — 2372 
204 — 467700 256 
- 61899 — 236 
2060 — 405801 20 
1 61908 
2061 — 343898 
1 206 
2062 ~ 34183 
1 206 
20630 206 —3397% 
3 4 
20633 — 3393 
3 4 
20636 2 3389 
3 
20689 
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The diminution of the roots by 20 changes the sign of the absolute term. This 
is an indication that a root exists between 0 and 20, with which we are not at pre- 
sent concerned. The roots of the first transformed equation 


2* + 1llz? - 1027 4+ 181=0 


are not yet separated, lying both between 3 and4. The substitution of each of 
_ these numbers gives a positive result, so that we have not here the same criterion 
to guide us in our search for the proper figure as in former cases, viz., a change of 
sign in the absolute term. We have, however, a different criterion which enables 
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us to find by mere substitution the interval within which the two roots lie. If we q . 
diminish the roots of #3 + 1la* — 1024 +181 =0 by 4, the resulting equation is 


x? + 2322 + 34% + 13= 0, which has nochange of sign. Hence the two roots must 


lie between 0 and 4. If we diminish its roots by 3, the resulting equation (as in 4 
the above work) has the same number of changes of sign as the equation itself. — 
Hence the two roots lie between 3 and 4. They are, therefore, not yet separated; _ 


and we proceed to diminish by 3. The next transformed equation 


xz + 200%? — 900z + 1000 = 0 


is found in the same way to have both its roots between 2 and 3: the diminution by q 
2 leaving two changes of sign in the coefficients of the transformed equation (asin 
the above work), and the diminution by 3 giving all positive signs. So far, then, the 


two roots agree in their first three figures, viz. 23-2. Wediminish again by 2. The 
resulting equation x° + 2060x* — 8800% + 1261000 = 0 has one root only between 1 
and 2; 1 giving a positive, and 2 a negative result: its other root lies between 2 
and38; 8 giving a positive result. The roots are now separated. We proceed, as in 
the above work, to approximate to the lesser root, by diminishing the roots of this 


equation by 1; the trial divisor becoming effective at the next step. To approxi- — 
mate to the greater root, we must diminish by 2 the roots of the same equation, — 


taking care that in the subsequent operations the negative sign, to which the pre- 
viously positive sign of the absolute term now changes, is preserved. The second 
root will be found to be 23°2296212. ° 


So long as the two roots remain together, a guide to the proper figure of the root q 
may be obtained by dividing twice the last coefficient by the second last, or the se- 
cond last by twice the third last. The reason of this is, that the proposed equation — 
approximates now to the quadratic formed by the last three terms in each transformed © 
equation, just as in previous cases, and in Newton’s method it approximated to the © 
simple equation formed by the last two terms, this quadratic having the two nearly 
equal roots for its roots; and when the two roots of the equation az” + d¢ +e=0 a 


— 2¢e 
b 


2x 181 2 x 1000 
i097? 2nd the number 2 by 500m 


; ea : = 
are nearly equal, either of them is given approximately by or = Thus, in the 


above example, the number 3 is suggested by 


In this way we can generally, at the first attempt, find the two integers between 3 
which the pair of roots lies. We shall have, also, an indication of theseparationof __ 
the roots by observing when the numbers suggested in this way by the last three _ 


° . 2 . 
coefficients become different, 7.e. when = suggests a different number from a 


3. Calculate to three decimal places each of the roots lying between 4 and 5 of 4 


the equation | 
xt + 8x3 — 70x? — 144% + 936 = 0. 


Ans. 4°242; 4:246. 
4. Find the two roots between 2 and 3 of the equation 


644° — 692a? + 16494 — 1445 = 0. 
Ans. The roots are both = 2°125. 


a 
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Here we find that the two roots are not separated at the third decimal place. 
When we diminish by 5 the absolute term vanishes, showing that 2-125 is a root; 
and proceeding with this diminution the second last coefficient also vanishes. Hence 
2°125 is a double root. 


~ 


When an equation contains more than two nearly equal 
roots, they can all be found by Horner’s process in a manner 
similar to that now explained. Such cases are, however, of 
rare occurrence in practice. The principles already laid down 
will be a sufficient guide to the student in all cases of the kind. 


105. Lagrange’s Method of Approximation.—Lagrange 
has given a method of expressing the root of a numerical equa- 
tion in the form of a continued fraction. As this method is, for 
practical purposes, much inferior to that of Horner, we shall 
content ourselves with a brief account of it. 

Let the equation f/(w) = 0 have one root, and only one root, 
between the two consecutive integers a anda+1. Substitute 


at for a in the proposed equation. The transformed equation 


in y has one positive root. Let this be determined by trial to 
lie between the integers }andd+1. Transform the equation 


in y by the substitution y =b + s The positive root of the 


equation in s is found by trial to lie between ¢ andc+1. Con- 
tinuing this process, an approximation to the root is obtained in 
the form of a continued fraction, as follows :— 
(ale 
b+ 


© 
ae 
—_ 


EXamMPLes. 
1. Find in the form of a continued fraction the positive root of the equation 
eg —24-5=0. 
The root lies between 2 and 3. 


1 
To make the transformation z = 2 + -, we first employ the process of Art. 33, 


diminishing the roots by 2. We then find the equation whose roots are the reci- 
procals of the roots of the transformed. 
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The equation in y is in this way found to be 

y® — 10y? —- 6y -1=0. 
This has a root between 10 and 11. 
Make now the substitution y=10+ =. 


The equation in z is 
6123 — 942? — 202 -1=0. 


This has a root between 1 and 2. Take z=1+ + 
t 


The equation in « is 
54u3 + 25u? — 89u — 61 = 0, 


which has a root between 1 and 2; and so on. 
We have, therefore, the following expression for the root 


2. Find in the form of a continued fraction the positive root of 


a — 64-—13=0. 


106. Numerical Solution of the Biquadratic.—lIt is 
proper, before closing the subject of the solution of numerical 
equations, to illustrate the practical uses which may be made of 
the methods of solution of Chap. VI. Although, as before 
observed, the numerical solution of equations is in general best 
effected by the methods of the present Chapter, there are certain 
cases in which it is convenient to employ the methods of 
Chap. VI. for the resolution of the biquadratic. "When a bi- 
quadratic equation leads to a reducing cubic which has a com- 
mensurable root, this root can be readily found, and the solution 
of the biquadratic completed. We proceed to solve a few 
examples of this kind, using Descartes’ method (Art. 64), which 
will usually be found the most convenient in practice. 
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EXAMPLES. 


1. Resolve the quartic 
xt — 623 + 32? + 224 —6 


into quadratic factors. 
Making the assumption of Art. 64, we easily obtain 


pt+p=-3, gig t+4py=3, po’ t+y’'q=11, gq’=-6. 
1 re: : 
Also Oe. =7 Ute», 


and, calculating J and J, the equation for ¢ is 


111 225 
fe ae 

OE Se 
Multiplying the roots by 4, we have, if 4@ = ¢, 
# — 111¢ — 450 = 0. 


By the Method of Divisors this is easily found to have a root — 6; hence 


ee , 
$=—>5, siving pp =2, g+q=—65. 
From these, combined with the preceding equations, we get 
p=-2, p=-l1, g=l, g=-6. 


When the values of g and ¢’ are found, the equation giving the value of pq’ + y'¢ 
determines which value of g goes with y, and which with py’, in the quadratic 
factors. The quartic is resolved, therefore, into the factors 


(a? — 4a + 1) (aw? — 24 - 6). 


By means of the other two values of ¢ we can resolve the quartic into quadratic 
factors in two other ways ; or we can do the same thing by solving the two qua- 
dratics already obtained. 


2. Resolve into factors the quartic 
JS (x) = a — 8x3 — 122? + 60% + 63. 
The equation for ¢ is 
43 — 195 — 475 = 0, 
which is found to have a root = — 5. 


Ans. f(x) = (x? — 2x — 3) (x? — 64 — 21). 
Q 
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3. Resolve into factors 
SF (a) = vt — 172" — 204 — 6. 


The reducing cubic is found to be 


217 3185 
. an ee 
ely 12 aid 21 0; 


or, multiplying the roots by 6, 


43 — 651¢ + 3185 = 0. 


This has a root = 7; hence o = . 


Ans. f (a) = (a? + 4a + 2) (a — 4% — 8). 


4. Resolve into factors 
Sf (a) = a — 6a — 9x* + 66x — 22. 


The reducing cubic is 


335 897 
3 _. —— -—_—_— = 
3 
hence Sage 


Ans. f (2) = (a — 11)(2* — 6% + 2). 
5. Resolve into factors 
f(x) = at — 83 + 21a — 26x + 14. 
Ans. f (x) = (a — 2a + 2) (a? — 6x + 7). 


6. Resolve into factors 
g* + 1244+ 3. 


Ans. (a2 —2V6 43 + V6) (a? + 2 V6 +3— V6). 
7. Find the quadratic factors of 
at — 843 — 122? + 844-63 = 0, 


and solve the equation completely (see Ex. 18, p. 34). 
Ans. {a% — 2x (2 + V7) + 8 V7} {a? — 2x (2 - V7) — 3 v7}. 
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EXAMPLES. 


1. Find the positive root of 


2 -—64-13=0. 
Ans. 3°176814393. 
2. Find the positive root of 


v—2e-5=0 
correct to eight or nine places. Ans. 2°094551483. 
3. The equation 
223 — 650°8x? + 54 — 1627 = 0 


has a root between 300 and 400: find it. 
Ans. Commensurable root, 325°4. 


4, Find the root between 20 and 30 of the equation 


4x3 — 1802? + 18964 — 457 = 0. 
Ans. 28°52127738 


5. Find to six places the root between 2 and 3 of the equation 


2 — 49a? + 6582 — 1379 = 0. 
Ans. 2°557351. 


6. Find to six places the root between 2 and 3 of the equation 


vw —12274+12%4-—3=0. 
Ans. 2°858083. 


- 7. Find the positive root of the equation 
xv + 2a? — 232-70 = 0 
correct to about ten decimal places. Ans. 5*13457872528. 


8. Find the cube root of 673373097125. Ans. 8765. 
9. Find the fifth root of 537824. Ans. 14. 
10. Find all the roots of the cubic equation 


a — 32+1=0. 


The equation #+23+1=0, of Ex. 7, p. 100, reduces to this. 
ee Ans. — 1°87938, °34729, 1'53209. 


Note.—The smaller positive root furnishes the solution of the problem—To 
divide a hemisphere whose radius is unity into two equal parts by a plane parallel 
to the base. 


11. Find all the roots of the cubic 
+a? —2e-1=0. 
(See Ex. 1, p. 100.) Ans. —1°80194, —°44504, 1:24698. 
| Q2 
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12. Find to five decimal places the negative root between — 1 and 0 (see Ex. 8, 
p. 100) of the equation 


2 + vt — 40 — 327 4+ 8441=0. 
Ans. — *28463. 
13. Solve the equation 


x® — 315x? — 19684x + 2977260 = 0. 


We here find that a root exists between 70 and 80. By Horner’s process it is. 


found to be 78. The depressed equation furnishes two roots, which, increased by J 
78, are the other roots of the cubic. 4 


Ans. 78, 347, -—110. 
14. Find the two real roots of the equation — : 


xt —11727x + 40385 = 0. 
Ans. 3°45592, 21:43067. 


This equation is given by Mr. G. H. Darwin in a Paper On the Precession of « 
Viscous Spheroid, and on the Remote History of the Earth. Phil. Trans., Part ii.,. 
1879, p. 508. The roots are ‘‘ the two values of the cube root of the earth’s rota- 
tion for which the earth and moon move round as a rigid body.”’ 


15. Find all the roots of the cubic equation 


ee ee ei erage eee 


20a — 247 +3=0. 
Ans. — 031469, 0°44603, 1:06865. 


This equation occurs in the solution by Professor Ball of a problem of Professor 
Townsend’s in the Educational Times of Dec. 1878, to determine the deflection of a 
beam uniformly loaded and supported at its two ends and points of trisection. 


16. Find the positive root of the equation 


1443 + 12a? —- 94 —10 = 0. 
Ans. 0°85906. 


The equations of this and the following example occur in the investigation of 
questions relative to beams supported by props. 


17. Find the positive root of the equation 


Tx* + 2023 + 3a — 164-8 = 0. 


Ans. 0°91336. 
18. Find to ten decimal places the positive root of the equation 


aw + 1204 + 59423 + 1502? + 201x — 207 = 0. 
Ans. *6386058033. 


CHAPTER XI. 


DETERMINANTS. 


107. Elementary Notions and Definitions.—This Chapter 
will be occupied with a discussion of an important class of func- 
tions which constantly present themselves in analysis. These 
functions possess remarkable properties, by a knowledge of which 
much simplification may be introduced into many mathematical 
operations. 

The function a,b, + ab, of the four quantities 


Ay b,, 


is obtained by assigning to a and 0, written in alphabetical order, 

the suffixes 1, 2, and 2, 1, corresponding to the two permutations 

of the numbers 1, 2; and adding the two products so formed. 
Similarly the function 


Ay b203 + A, b36q + dzb3C) + Azd1C3 + 3b C2 + Azb2G1, (1) 
of the nine quantities 
We Bac ee 
ue & 
eh. & 


is obtained by adding all the products abe which can be formed 
by assigning to the letters (retained in their alphabetical order) 
suffixes corresponding to all the permutations of the numbers 
1, 2,3. The whole expression might be represented by (adc), 
or any other convenient notation, from which all the terms could 
be written down. 


a 
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The notation (abcd) might be employed to represent a similar 
function of the 16 quantities a, b,, 1, d;, a2, &e. ; consisting of 24 
terms, which can all be written down by the aid of the 24 permu- 
tations of the numbers 1, 2, 38, 4. 

And, in general, taking letters a, b,c, . . . ¢, we can write 
down a similar function consisting of n (n—1)(n-2)....38.2.1 
terms, this being the number of permutations of the first n num- 
ots 1 ey se 2 th 

Now the functions above referred to, which are of such 
frequent occurrence in mathematical analysis, differ from those 
just described in one respect only, namely: of the 1.2.3...n 
(which is an even number) terms, half are affected with posi- 
tive, and half with negative signs, instead of being all positive, 
as in the examples just given. 

We shall now give some instances of these latter functions. 
They occur most frequently as the result of elimination of the 
variables from linear equations. If, for example, 7 and y be 
eliminated from the equations 


aet+ by =0, 
av + by = 0, 
the result is a,b, — ab, = 0. 
Again, the result of eliminating x, y, s from the equations 
act by + az = 0, 
age + boy + os = 0, 
ase + bsy + 3 = 0, 


is, as the student will readily perceive by solving from two of 
the equations and substituting in the third, 


Ay b203 — Ay b3 0, + deb30) — A2b,03 + A3d, C2 — a3b.¢, = 0; (2) 


and this function differs from (1) above written only in having 
three of its terms negative, instead of having the six terms posi- 
tive. 


wiih oat ae 
ie i as ileal ll 


, 
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Similarly the elimination of four variables from four linear 

equations gives rise to a function of the sixteen quantities 

Ary D1, C1, G1, de, b2, &C., 
which differs from the function above represented by (abcd) only 
in having twelve of its terms negative. 

Expressions of the kind here described are called Determi- 
nants.* The notation by which they are usually represented was 
first employed by Cauchy, and possesses many advantages in the 
treatment of these expressions. ‘The quantities of which the 
function consists are arranged in a square between two vertical 
lines. For example, the notation 


Oates: S 
Ae b, 


_ represents the determinant a,b, — a,b. 
Similarly, the expression on the left- hand side of equation (2) 
is represented by the notation 


| 

fo a by G4 
A, b, Cy 

| As bs C3 


And, in general, the determinant of the n’ quantities 
dh, bi, 1... Ly de, b,, &e., is represented by 


Ay b, Gio reer ce SS d, 

ie Ae ae pe 

G5 Ge OG ae ah eet s 
An bn Cn ° bs * y n 


By taking the m letters in alphabetical order, and assigning 
to them suffixes corresponding to the.n(m - 1)(n- 2)...3.2.1 
permutations of the numbers 1, 2, 3, .. . , all the terms of the 


* See Note C at the end of the volume. 
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determinant can be written down. Half of the terms must 
receive positive and half negative signs. In the next Article 
the rule will be explained by which the positive and negative 
terms are distinguished. 

The individual letters m, 0, ¢,...d,...&c., of which a 


determinant is composed, are called constituents, and by some 
writers elements. 


Any series of constituents such as a, b,, 4,...4, arranged 
horizontally, form a row of the determinant; and any series such 
AS i, Ar, As,» . . An, arranged vertically, form a column. 


The term dine will sometimes be used to express a row or 
column indifferently. 


108. Rule with regard to Signs.—It is evident from 
the preceding Article that each term of the determinant will, 
since it contains all the letters, contain one constituent (and only 
one) from every column; and will also, since the suffixesin each | 
term comprise all the numbers, contain one constituent (and only 
one) from every row. We may thus regard the square array 
(3) of Art. 107 as the symbolical representation of a function con- 
sisting in general of n(n—1)(n — 2)... 3.2.1 terms, comprising 
all possible products which can be formed by taking one con- 
stituent, and one only, from each row ; and one constituent, and 
one only, from each column, All thatis required to give perfect 
definiteness to the function is to fix the sign to be attached to any 


particular term. For this purpose the following two rules are 
to be observed :— 


(1). The term ab.¢; . . . In, formed by the constituents situated 
in the diagonal drawn from the left-hand top corner to the right- 
hand bottom corner, is positive. 

This is called the leading or principal term. In it the suffixes 
and letters both occur in their natural order; and from it the 
sign of any other term is obtained by means of the following rule. 


(2) Any interchange of two suffixes, the letters retaining their 
order, alters the sign of the term. 
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This rule may be otherwise expressed thus :—Any interchange 
of two letters, the suffixes retaining their order, alters the sign of a 
term. For if two letters be interchanged, and the two corre- 
sponding constituents interchanged, the process is equivalent to 
an interchange of suffixes. If, for example, in a,b,¢;d,e; the 
letters 6 and e be interchanged, we get a,e,¢,d,b;, which is equal 
to a);¢;d,é2, and this is derived from the given term by an in- 
terchange of the suffixes 2 and 5. 

In applying this rule it is evident that an even number of 
interchanges will not alter the sign of a term, and that an odd 
number will. 

EXAMPLES. 


1. What sign is to be attached to the term @34¢2d5e, in the determinant of the 
5th order ? 
The question is, How many interchanges will change the order 12345 into 34251? 
Here, when 3 is interchanged with 2, and afterwards with 1, it comes into the lead- 
ing place, the order becoming 31245. Again, the interchange in 31245 of 4 with 
2, and afterwards with 1, presents the order 34125. The interchange of 2 with 1 
_ gives the order 34215; and finally the interchange of 5 with 1 gives the required 
_ order 34251. Thus there are in all six interchanges ; and therefore the required 
sign is positive. 

The general mode of proceeding may plainly be stated as follows:—Take the 
figure which stands first in the required order, and move it from its place in the 
natural order 1234 ... into the leading place, counting one displacement for each 
figure passed over. Take then the figure which stands second in the required order, 
and move it from its place in the natural order into the second place; and so on. If 
the number of displacements in this process be even, the sign is positive; if it be 
odd, the sign is negative. 

2. What sign is to be attached to the term a3 7 ¢¢ds5e:fig2 in the determinant of 

_ the 7th order? 
Here two displacements bring 3 to the leading place; five displacements then 
_ bring 7 to the second place; four then bring 6 to the third place; three then bring 
5 to the fourth place; the figure 1 is in its place; and finally, one displacement 
brings 4 into the sixth place. Thus there are in all fifteen displacements ; and the 
required sign is therefore negative. 

3. Write down all the terms of the determinant 


a hb a a 
a2 be €2 dz 


a3 bs ¢3 ds 


as bg co 4 
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The six permutations of suffixes in which the figure 1 occurs first are 
1234. + 1248,. 1824" ~~ agg2 «1498: < - Lene, 


The six corresponding terms are, as the student will easily see by applying the 
Rule (2), as in the previous examples, 


a b203d4 — a bzc4d3 + a b3¢4d2— a1 b302d4 + a b402d3 — a b40e3d. 


The other eighteen terms, corresponding to the permutations in which the figures. 
2, 3, 4, respectively, stand first, are as follows :— 


Azb; c4d3 — agb, e3d4 + azbseid4 — azbscad, + a2bye3d — azbseids 
+ 3b, ¢2d4 — a3b c4d2 + agbee4dy — agbee, ds + a3b4e1 dz — asbseod 


+ a4, ¢3dz2 — asd, c2d3 + asbeeids — agbge3d) + abs ce dy — asbscy de. 


It will be observed here that the number of positive terms is equal to the number 
of negative terms. The same must be true in general; for, corresponding to any 
positive term there exists a negative term obtained by simply interchanging the last 
two suffixes. 

4. Show that if any two adjacent figures are moved together over any number — 
m of figures, the sign is unaltered. 

For if they be moved separately, the whole process is equivalent to a movement 
over 2m figures. : 

5. Determine the sign to be attached to the second diagonal term, viz., 
Anbn Cn-2 . . + kel, in the determinant of the n* order. 

Here the number of displacements required to change the natural order to the 
required order is plainly 


® 


n(n — 1) | 


(n—1) + (n—2) + (w—8)4+...4241=—5 


n (n-1) 


Hence the required sign is (— 1) ? 


109. In the Propositions of the present and following 
Articles are contained the most important elementary properties 
of determinants which, by the aid of Cauchy’s notation above 
described, render the employment of these functions of such 
practical advantage. 

Prov. I.—If any two rows, or any two columns, of a determi- 
nant be interchanged, the sign of the determinant is changed. 

This follows at once from the mode of formation (Rule (2), — 
Art. 108), for an interchange of two rows is the same as an ‘ 
interchange of two suffixes, and an interchange of two columns 
is the same as an interchange of two letters; so that in either — 
case the sign of every term of the determinant is changed. 4 
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By aid of this proposition the rule for obtaining the sign of 
any term may be stated in a form which is often more conve- 
nient for practical purposes than that already given. It will 
readily be perceived that the general mode of procedure ex- 
plained in Ex. 1, Art. 108, is equivalent to the following :— 
Bring, by movements of rows (or columns), the constituents of the 
term whose sign is required into the position of the leading diagonal. 
The sign of the term will be positive or negative according as the 
number of displacements is even or odd. 


EXAMPLE. 
What sign is to be attached to the term Afnx in the determinant 


a ¢ 2X 


Rg 
lan a 
= 


? 


xR 


a 
lmn 
v 


| 
| 
: | 


= 


Here a movement of the fourth row over three rows (i.e. three displacements) 
brings A into the leading place. One displacement of the original second row up- 
wards brings 8 into the required place in the diagonal term. And one further 
displacement of the original third row upwards effects the required arrangement, 
bringing Anz into the diagonal place. Thus the number of displacements being 

odd, the required sign is negative. 


110. Prop. II.— When, in any determinant, two rows or two 
columns are identical, the determinant vanishes. 

: For, by Prop. I., the interchange of these two lines ought 
to change the sign of the determinant A; but the interchange 
of two identical rows or columns cannot alter the determinant 
_ in any way; hence A = - A, or A =0. 

111. Prov. TII.—The value of a determinant is not altered if 
the rows be written as columns, and the columns as rows. 

For all the terms, formed by taking one constituent from 
each row and one from each column, are plainly the same in 
value in both cases; the principal term is identically the same ; 
and to determine the sign of any other term (by Prop. I.) the 
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number of displacements of rows necessary to bring it into the — 


leading diagonal in the first case is the same as the number of 
displacements of columns necessary in the second case. 


EXAMPLE. 
4% b&b on a a a2 ag a 
a2 be 2 dz by be bs bg 
a3 bs C3 a3 Cy C3 C4 
a4 bs C4 a4 ad 1 dz a3 a4 


Here the sign of any term, e.g. a 54¢1 d3, is the same in both determinants. For 
three displacements of rows are required to bring this term into the leading position 


in the first determinant; and the same number of displacements of columns is re- 


~ quired to bring the same constituents into the leading position in the second deter- 
minant. 


112. Prov. IV.—Jf every constituent in any line be multiplied 
by the same factor, the determinant is multiplied by that factor. 

For every term of the determinant must contain one, and 
only one, constituent from any row or any column. 


Oor. 1. If the constituents in any line differ only by the 


same factor from the constituents in any parallel line, the de- 


terminant vanishes. 


Oor. 2. If the signs of all the constituents in any line be 


changed, the sign of the determinant is changed. For this is 
equivalent to multiplying by the factor — 1. 


EXAMPLES. 
kay by Gy aq b&b C} 
1. kag be 2 = i a2 be €2 
kag b3 3 a3 bs 3 
a1 May, ae a ay a2 
2. Bi mBi Be |=m| Bi Bi Be | =0. 
Yi MY 72 6 Ae) Aaa 4g 


mae 


nenomen 
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. Show that the following determinant vanishes :— 
ss 3 1 5 2 
2 5 7 3 
8 9 1 4 
oo 16: St 9 


When the constituents of the last row are divided by 3, they become identical 
h those of the second row. 
4, Prove the identity 


be a a? 1 @ @ 
ca_ Ob OB = 1 8 6 
abc e& 1e @& 


7, We have then 


abe a @ 
abcA=| abe GB B |; 
abe 2 @8 


dividing the first column by adc, the result follows. 
). Prove the identity 


# By5 a a a? Ew? cf at 
yia B BR B 1 Bp? B® Bt 
ms 7 7 ei y+ 
apy 5 8 8 1 & 38% 34 

Proving the identity 

3 as eer ee 
igsot Bi Orbe 84 Boo SiloBe ti 
Bake ee as 


Change all the signs of the second row, and afterwards of the third column. 
: 7. Prove the identity 


a Gy 1 ie 1 
1 

a’ B’ y = gas a By B'ya 7 af 

a” Bp” Y" a’ Yr By B’ ya. ya B 


This is easily proved by multiplying the columns of the first determinant by 
ya, aB, respectively ; and then dividing the first row by aBy. 
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It is evident that a similar process may be employed in general to reduce an 
-determinant to one in which all the constituents of any selected row or column shall 
be units. 
8. Reduce the following determinant to one in which the first row shall consist 
of units :-— 
10 


fmt 
— 

©. OF-.. & 
(oS) 


Since 20 is the least common multiple of 4, 2, 5, 10, it is sufficient to multiply 
the columns in order by 5, 10, 4, 2; we thus obtain 4 


20 20 20 20 
5 10 24 6 
Soe (ye Se ee ees e465 


020° 20-3. 16 


1 1 1 1 
bs 10 24 6 
om 
7 6 0 2 
0 5 5 4 
9. Prove the identity 

1 1 1 

A AO eee rye 

Pe BY 


Since if 8 were equal to y, two columns would become identical, 6 — y must bi 
a factor in the determinant. Similarly, y—a and a—£ must be factors in it 
Hence the product of the three differences can differ by a numerical factor only — 
from the value of the determinant, since both functions are of the third degree in 
a, B, y; and by comparing the term By” we observe that this factor is + 1. 
10. Prove similarly the identity 


1 1 1 1 


a 8 y 3) 
= — (8 — 7)(a— 8) (y —a)(8 — 8)(a - B)(y-8)- 


113,114] 
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It is evident that a similar proof shows in general that the value of the determi- 
nant of this form, constituted by the ~ quantities a, B,y . . . A, is the product of the 
4n (nm — 1) differences which can be formed with these » quantities. 


113. Minor Determinants. Definitions.— When in a 
determinant any number of rows, and the same number of 
columns, are suppressed, the determinant formed by the remain- 
ing constituents (maintaining their relative positions) is called a 
minor deternuinant. 

If one row and one column only be suppressed, the corre- 
sponding minor is called a first minor. If two rows and two 
columns be suppressed, the minor is called a second minor ; and 
so on. ‘The suppressed rows and columns have common con- 
stituents forming a determinant ; and the minor which remains 
is said to be complementary to this determinant. The minor 
complementary to the leading constituent a is called the leading 
Jirst minor, and its leading first minor again is the leading second 
minor of the original determinant. 

It is usual to denote a determinant in general by A. We 
shall denote by A, the first minor obtained by suppressing in A 

the row and column which contain any constituent a; by A, 

the second minor obtained by suppressing the two rows and two 
columns which contain a and $3; and so on. Thus Az, repre- 
sents the leading first minor, and Az,,», or Az,,s, the leading 
second minor. 

The determinant A, formed by the constituents a, b,, c, &e., 
is often denoted for brevity by placing the leading term within 
brackets, as follows: A = (ab,¢,.... %,). The notation 
=+a,b,¢,... 7, 1s also used to represent A; this expressing its 
constitution as consisting of the sum of a number of terms (with 
their proper signs attached) formed by taking all possible per- 
mutations of the » suffixes. 


114. Development of Determinants.—Since every term 
of any determinant contains one, and only one, constituent from 
each row and from each column, it follows that A is a linear and 
homogeneous function of the constituents of any one row or any one 
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column. 'Thus we may write 
A = 4A, + GA, + a;A3+ &e. 
A = 0,8, + 6,.B, + 6,;B; + &e. 3 
or, again, A=4A,+ b,B,+ aC, + &e. 
A = 0,4, + b,B, + Cz, + &e. 
The student, on referring to Ex. 3, Art. 108, will observe 


that the determinant of the fourth order there written at length — 
is constituted in the way here described, namely 


bz & dz b,c a, ba d, 1 ae fy 


A=Q, bs C3 ds +a@ by C4 dy + as bp Co dy + bs Cs ds F 


Co) 


by C4 ad, b, C3 ds by C4 ds bp Cy dy 

We proceed to show that in the general case, writing A in 
the form 

A =F GeAy a5 lzAy + a;A3 Pe tee Oe, 

the coefficients A,, A,, As, &e., are determinants of the order 
n—1l. 

In effecting all the permutations of the suffixes 1, 2,3....n, 
suppose first 1 to remain in the leading place, as in the example 
referred to; we then obtain1 .2.3... .(m-—1) terms which have 


a, as a factor, and 
MA, =mh St bey... bas 
hence 


ae eee. 


and this determinant is the minor corresponding to the consti- 
tuent am, or A, = Ag,. 

To find the value of A., we bring a, into the leading place 
by one displacement of rows. This changes the sign of A, so 
that we obtain .A,=-A,,; i.e. A, = the minor corresponding to 
a, with its sign changed. Again, bringing a; to the leading 
place by two displacements, we have .4; = 4,,; and so on. 
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_ Thus we conclude that, in general, 
A=M% Aa, — a2 Aa, + Az Aa, = ayAgq, + &e. 


Similarly, we can expand A in terms of the constituents of 
any other column, or any row. For example, 


A = & Aa, — 6: Ay, + Ac, — &e. 


If it be required to obtain the proper sign to be attached to 
the minor which multiplies any constituent in the expanded 
form, we have only to consider how many displacements would 
bring that constituent to the leading place. For example, sup- 
pose the determinant (a6.c;d,e;) is expanded in terms of its 
fourth column, and that it is required to find what sign is to be 
attached to d;Ag,. Here two displacements upwards, and after- 
wards three to the left, will bring d; to the leading place; hence 
the sign is negative. Thisrule may be stated simply as follows :— 
Proceed Jrom a, to the constituent under consideration along the top 
row, and down the column containing the constituent ; the number 
of letters passed over before reaching the constituent will decide the 
sign to be attached to the minor. In the example just given; 
beginning at a, we count a, b,,¢1, a1, d2, 1. e. five; and this number 
being odd, the required sign is negative. 

It will be found convenient to retain both notations here em- 
ployed for the development of a determinant. ‘The expansion in 
terms of the minors, with signs alternately positive and negative, 
is useful in calculating the value of a determinant by successive 
- reductions to determinants of lower degree. For some purposes, 
as will appear in the Articles which follow, it is more convenient 

to employ the notation first given, in which the signs are all 
positive (whatever the row or column under consideration), 
and the coefficient of any constituent represented by the cor- 
responding capital letter. By substituting for the capital letter 
the corresponding minor with the proper sign, determined in 


_ the manner above explained, the latter notation is changed into 
the former. 


: 
7 

* 
‘g 
<t 
Ee 
a 
ee 
fe. 
& 

4 
BS: 
a 
= 
<5 
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EXAMPLES. 
i eh 
be ee by} ey bi) 
a2 bg eg |= — &% + ag 
bs ¢3 bs 3 be eg 
a3 bs 3 


=@) bees — a 6362 — a2b1 ¢3 + agb3e, + az b) ¢2 a 4362¢. 
(Compare (2), Art. 107.) | 
2. Gono @ 
eA hg 
ke hae: 


= abe + 2fgh — af? — bg? — eh. 


3. Expand the determinant of the fourth order in terms of the constituents of — 
the fourth row. 


A =— a4Aa, + b4A0, — €4Ac, + M4 Aa, 
by 6] ay Qy Cy ay ay b, ay a by Cl 


hg 
ee 


Ae. fF 4 =e 
Aan SA, 


+g 


=—a4| be cg dz |+b4| ae 2 de |—c4| ae be de |4+d4| az be 


bs ¢3 ds a3 ¢3 a3 a3 bs ds a3 bs og 


When the determinants of the third order are expanded this will give the ex- — 
pression of Ex. 3, Art. 108, as the student will easily verify. é 


4. oe eae 
6 1 2 4 


7 6 i =3 —7 


3 8 3 8 


= 3(48 — 3) — 7(16 — 12) + 5(2 — 24) 
=— 3. 
5. Find the value of the determinant 
8 7 =. 20 
3 1 4 7 


5 0. il 0 


8 1 0 6 


It is evidently convenient to expand this in terms of the third row, since two of © 
the constituents in that row vanish. 


7 :-9- 99 Go.17! Qo 
heb 4 7 edi ee a 


and expanding the two determinants of the 3rd order, we find A = 2188. 
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6. Expand Ce ge gy 
(Pee are 
b a oF : : 
ad ae 0 
Ans. ad? + Be? + of? — Qbeef — 2eafd — Labde. 
7. Prove 
1 a B y 
mek ¥,. — 8; } 
pear: Ue cd =1t e+ RP +7 +a?+p?+ 2+ (aa! + BB’ + yy’). 
i oe | 
8. Expand Pe a ee 
; b -a a c 
¢ ad —a b , 
ad c | ey 


Ans. at + 4+ c+ dt—20% 02 — 2e2 a? — 2a? 5? — 2a? d? — 262d? — 202d? — 8abed. 


9. Prove the following identity, and expand the determinants :— 


0 
1 


~ 


1 
0 
22 


y? 


1 


1 


a 
h 
g 
A 


Ans. xt + y* + a — Qy? 2? — 22? 22 — 24? y?, 


0 


x 


y 


& 


10. Find the value of the determinant 


¢ 


Vv 


Se 2 oe 


R2 


X\ 


x 
0 


2 


y 


Vv 


0 


y 


z 


0 


7 


z 
y 
z 


0 


oe Expand first in terms of the last row or last column, and then each of the deter- 
ninants of the third order in terms of A, p, v. 


Ans. — A = (be — f?) A + (ca — g?) pw? + (ab — h?) v2 +2 (gh—af) py 
+2 (Af — 69) vr + 2)( fg —ch) Au. 
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115. Laplace’s Development of a Determinant.— 
The expansion explained in the preceding Article is included 
in a more general mode of development given by Laplace. 


In place of expanding the determinant as a linear function _ 


of the constituents of any line, we expand it as a linear fune- 
tion of the minors comprised in any number of lines. 
Consider, for example, the first two columns (a, 0) of any 
determinant; and let all possible determinants of the second 
order (a,b,), obtained by taking any two rows of these two 
columns, be formed. Let the minor formed by suppressing — 
the a, and 6, lines be represented by A,,,; then the deter- 
minant can be expanded in the form ¥ + (apbz)Ap,q, Where q 
each term is the product of two complementary determinants — 
(see Art. 113). To prove this, we observe that every term of 
the determinant must contain one constituent from the column — 
a and one from the column’. Suppose a term to contain the 
factor a,b,, there must then (interchanging p and qg) be another 
term containing the factor — a,6,; hence, the determinant can 
be expanded in the form 3% (ay6,) Ay,,; and Ay,,, is plainly 
the sum of all the terms which can be obtained by permuting 
in every possible way the n ~ 2 suffixes of the letters c, d, e, 
&e., viz., + A,,,, the sign being determined in any particular 
instance by the rule of Art. 108. This reasoning can easily 
be extended to the case where any number p of columns are 
taken, and all possible minors formed by taking p rows of these 
columns. Hach minor is then multiplied by the complementary 
minor, and the determinant expressed as the sum of all such 
products with their proper signs. 7 


EXAMPLES. 


1. Expand the determinant (a; 2¢3d,) in terms of the minors of the second order a 


formed from the first two columns. 
Employing the bracket notation, we can write down the result as follows :— 


(a be) (€344) — (4153) (¢2d4) + (a1 4) (cod) + (azb3) (er ds) — (az b4) (e1ds) + (4304) (C1d2) 5 


where the sign to be attached to any product is determined by moving the two rows 


involved in the first factor into the positions of first and second row. Thus, for — ; 


example, since three displacements are required to move the second and fourth 
rows into these positions, the sign of the product (a244)(¢ids) is negative. 


| 
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2. Expand similarly the determinant (a }2¢3d1¢;5). 


Ans. (a be) (c3d4@5) +r (a b3) (¢e a4 €5) + (a bs) (é2 d365) ~ (a, ds) (co d3¢4) 
+ (423) (¢1 4465) — (a204) (¢1d3@5) + (4205) (c1d3e4) + (a3 4) (€1 des) 
- (a3 bs) (1 d2e4) + (a405) (cy dz3). 


3. Prove the identity 
Raahkh a fi 


a2 b2 2 de e fe 


a bh cy | a Bi ¥1 
a3 bs 3 ds é3 Ts | 
=| a2 be & a2 Be 2 
oe 0 a Ain 
a3 b3 eg az B3 3 


0 0 0 az Be x 


0 0 0 as Bs ¥3 


This appears by expanding the determinant in terms of the minors formed from 
the first three columns, for it is evident that all these minors vanish (having one row 
at least of ciphers) except one, viz. (a1 5203). 

In general it appears in the same way that if a determinant of the 2m** order 
contains in any position a square of m? ciphers, it can be expressed as the product of 
two determinants of the m** order. 

4, Expand the determinant 


el bees bos, Cae 
h 6 Bw 
ee ee oe 
Ah ite oe Bow 
ee ee 


in powers of a, 6, y, where 
a=py'—pv, B=vr'—v'A, y=Auw—Ne.- 
Ans. da? + bB* + ey? + 2fBy + 2g-yat 2haB. 


5. Verify the development of the present Article by showing that it gives in the 
general case the proper number of terms. 

Consider the first r columns of a determinant of the order. The number of 
minors formed from these is equal to the number of combinations of things taken 
ry together. This number multiplied by 1.2.3... (the number of terms in each’ 
minor), and 1.2.3 ...n-—v, (the number of terms in each complementary minor), 
will be found to give 1.2.3... , viz. the number of terms in the determinant. 


116. Development of a Determinant in Products 
of the leading Constituents.—In the present and next fol- 
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lowing Articles will be explained two additional modes of deve- 
lopment which will be found useful in the expansion of certain 
determinants of special form. The application which follows to 
the determinant of the fourth order will be sufficient to explain 
how any determinant may be expanded in products of the lead- 
ing constituents— 


It is required to expand the determinant 


A by Cl ay 


Go Oy 0G 


according to the products of 4, B, C, D. In order to give prominence to the lead- 
ing constituents we have here replaced a, b2, ¢3, ds by A, B, C, D., When the ex- 
pansion is effected it is plain that the result must be of the form 


A=Aot+ 2AA + 3aA’AB + ABCD, 


where Ao consists of all the terms in which no leading constituent occurs; SAA is 
the sum of all the terms in which one only of these constituents occurs; 3A’AB is 
the sum of all in which the product of a pair of the leading constituents is found ; 
and ABCD, the leading term, is the product of all these constituents. It will be 
observed that the expansion here written contains no terms of the form A’’"A BC, and 
it is evident in general that the expanded determinant can contain no terms in which 
products of all the leading constituents ,but one occur, since the coefficient of any 
such product is the remaining diagonal constituent. It only remains to see what is 
the form of Ao, and of the undetermined coefficients A, w,...A’,mW,... &e. 
Putting 4, B, C, D all equal to zero in the identity above written, we have 


0 bi Cl ay 
a2 0 €2 de 


a3 bs 0 ds 


a 8& °° 0 


Again, to obtain A, let B, C, D be made equal to zero. The coefficient of A is. 
plainly the determinant 


i -@- 8 


the coefficient of B is similarly obtained by replacing A, C, D each by zero in the 
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minor complementary to B; and soon. To obtain A’, let C and D be made zero ; 
the coefficient of AB in the resulting determinant is plainly the second minor 


0 ds 


i 


The coefficient of any other product is obtained in a similar manner. Finally, 
the expansion of A may be written in the form 


0 by Cl ay 
a2 0 €2 d2 
a3 bs 0 as 


a4 bg C4 0 


0 c ade 0g a 0 bh a 0b 4 
+A bs 0 ds +B az 0 ds +C a 0 ade + D a, 0 ce 


b4 C4 0 a4 C4 0 a4 bg 0 a3 be 0 

0 a3 dz 0 C2 0 ay 0 al 0 by 
+AB +AC +AD +BC +BD +CD 

cg 0 4 0 bs 0 ay 0 az 0 az 0 
+ ABCD. 


A determinant whose leading constituents all vanish has been called zero-axia/. 
The result just obtained may be stated as follows :—Any determinant may be ex- 
panded in products of the leading constituents, the coefficient of every product in the 
result being a zero-axial determinant. 


117. Expansion of a Determinant by Products in 
Pairs of the Constituents of a Row and Column.—In 
what follows we take the first row and first column as those in 
terms of which the expansion is required. This is plainly suf- 
ficient, since any other row and column may be brought by 
displacements into these positions. It will be found convenient 
to write the determinant under consideration in the form 


a a Ob Cy 
B A, be & 


y a; ob, ¢ 
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Let this be denoted by A’, and its leading first minor 
(a,b,c, ...) by the usual notation A. The determinant A’ may 
be said to be derived from A by bordering it, horizontally with 
the constituents a, a, (3, y, ..-, and vertically with the consti- 
tuents a, a’, 3’, y’,... When A’ is expanded, all the terms 
which contain a are includedina, A. In addition to this, the ex- 
pansion will consist of the product of every other constituent of 
the first column by every other constituent of the first row, 
every such product of two being multiplied by its proper factor. — 
What this factor is in the case of any product is easily seen. 
Let the coefficients of a, 01, (1, ... d, bo, ... &e., in the expan- 
sion of A be Ai, B,,... A, B., ..., according to the notation 
explained in Art. 114. It is plain that the factor which multi- © 
plies any product, for example aa’, in the expansion of A’, is the 
same as the factor which multiplies aa withsign changed, viz., — 
—A,; similarly the factor which multiplies a’ is the factor with 
sign changed of a, viz..— Bi; and soon. To obtain the factor 
of any such product the rule plainly is—Find the fourth consti- 
tuent completing the rectangle formed by the leading term dp) and 
the two constituents which enter into the product: the required 
Factor ts obtained by substituting for the constituent of A so found 
the corresponding capital letter with the. negative sign. It appears 
therefore finally that the expansion of A’ may be written in the 
following form :— 


A’ =a@A - Aaa’ - B, Ba - CQiya'-... 
— A,af3’—- B.BR’- CryB/- ... 
— Azay'- Bs By - Csyy' -... 
— &e. 


Examples of the utility of this mode of expansion will be 
found under a subsequent Article. 


118. Addition of Determinants. Prov. V.—// every 
constituent in any line can be resolved into the sum of two others, 
the determinant can be resolved into the sum of two others. 
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Suppose the constituents of the first column to be a + a, 
@, + a2, 43 + a3, &e. Substituting these in the expansion of 
Art. 114, we have 


i (a + ai) Ai - (a2 + a2) A. + (as so a3) A; + &e. 


= 0A, + 2A, + d3A3 + ee &e. + a,.A, + a,A, + a;A; + &e. ; 


or, 


A, + ay a a a  . tte OF be ss 


A, + a2 b, Car 6 Az b. Ce es a2 be Co « 


a3 + az b, Cane 6 as bs Us es a3 bs Coo. 


which proves the proposition. 

If a second column consists of the sum of two others, it is 
easily seen, by first resolving with reference to one column, and 
aiterwards with reference to the other, that the determinant can 
_be resolved into the sum of four others. For example, the de- 
terminant | 


ay ss ay b, -f Px Cy 
A, + Ag b, 3 Be C2 
as + a3 bs + Bs C3 


is (using the notation of Art. 113) equal to the sum of the four 
determinants 


(4,203) + (a1b2€3) + (di 2¢3) + (a1 [326¢s)- 


Similarly it follows that if each of the constituents of one 
column consists of the algebraical sum of any number of terms, 
the determinant can be resolved into a corresponding number of 


determinants. For example— 


a,—a,+ ay b, Cy ay b; Cy ay; b, Cy ay Dd, Cy 

dz — @2 + a’, b, C2 | =| Ae b. Cz |—| Ae b, C2 | + a's b. Ce |, 
, 

&3 — a3 + a's bs C3 As bs C3 a3 bs C3 a3 bs C3 
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And, in general, if one column consists of the algebraic sum of — 
m others, a second column of the sum of » others, a third of the 
sum of p others, &c., the determinant can be resolved into the 
sum of mnp..., &c., others. 

Similar results plainly hold with regard to the rows, which — 
may be substituted for columns in the proof just given. 

119. Prop. VI.—J/ the constituents of one line are equal to 
the sums of the corresponding constituents of the other lines multi- 
plied by constant factors, the determinant vanishes. 

For it can then be resolved into the sum of a number of © 
determinants which separately vanish. For example, 


ma+nb, a b, | 7 bea Pe’ ji. a aS 

Maz,+ Nb, az by | =| de GQ, Ob, |4+n| by ae Og ; 
| . 

maz+ nb; ds; 65 | Spee, alae Be ae. ee 


and each of the latter determinants vanishes (Art. 110). 

120. Prov. VII.—A determinant is unchanged when to each — 
constituent of any row or column are added those of several other 
rows or columns, multiplied respectively by constant factors. 

For when the determinant is resolved into the sum of others, — 
as in Art. 118, the determinants in which the added lines occur 
all vanish, since each of them must, when the constant factor is 
removed, contain two identical lines. Thus, for example, 


ue yan a&+mb,+ne, b&b G 
Ae b. C2 = Ae + mbz + NC2 b. C2 ; 
As bs C3 As + mbz + NC3 bs C3 


for when the second determinant is expressed as the sum of 
three others, the two arising from the added columns vanish 
identically (Art. 119). 

The proposition of the present Article supplies in practice 
one of the most useful properties in the evaluation of deter- 
minants. } 
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EXAMPLES. 
1. Show that the following determinant vanishes :— 
B+y a 1 
yee 8 1 
a+B OY 1 


Adding the constituents of the second column to those of the first, we can take 
out a + 8 + 7 as a factor, and two columns then become identical. 


2. Find the value of the determinant 


1 2 4 
/ Beem eee 
3 4 10 


- Subtracting the constituents of the first column from those of the second, and 
three times the constituents of the first column from those of the third, we obtain 


3 1 1 
which vanishes identically. 
meet 1 1 (1 ae ak 
| Eee Sia 
foe. kd e. © 2 @ 
Sorat 1 ee ee ae | 
2 2 0 | 
Oe ae ae | ow ey tO 


Here the first transformation is obtained by adding in succession the constituents 
of the first row to those of the second, third, and fourth. 


mi? 3) 4 eo 4 18 10 
moe 16 1=$/13 15 10 |=3|18 -24 —16|=3 


eo. ¢ fa 3 i 38. 8 
= 30 (16 — 24) = — 240. 


Here the second transformation is obtained by subtracting three times the first 


column from the second, and twice the first from the third. In examples of this 
Kind attempts should be made to reduce to zero all the constituents except one in 


some row or column, in which case the calculation reduces to that of a determi- 


nant of lower order. Thiscan always be done by reducing any one line to units, as 
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in Ex. 7, Art. 112; but in general it can be effected more readily by direct addi 
tions or subtractions, as in the present instance. 


5. 7 -2 0 5 7 -2 0 5 
19 —2 17 

—2 6 —2 2 19 0 —2 17 
= = om 7 5 ae 

0 -—2 5 3 —7 0 5 —2 
12 3 9 

Bs) 2 3 4 12 0 3 9 


The first transformation is obtained by adding to the second row three times th 
first, subtracting the first from the third row, and adding the first to the fo 


second column from the first, and three times the second column from the thi 
Thus 


io, 1) 7 ey eae 
a7 48 
a 8 ob 17 6 = — 972. 
—-27 -17 
ies 8 eee Saree | 


13 3 2 16 


The first sixteen natural numbers are arranged here in what is called a ‘* magi 
square,’’ i.e. the sum of all the figures in any row or in any column is constant. 
general for a square of the first x? numbers this sum is $”(m?+ 1). Determinan 
of this kind can be at once reduced one degree. Here, adding the last three colum 


to the first, and subtracting the last row from each of the others, we have “oi 
} if 14. 8 0 12 12 —12 
1 1 = 
rsa. 0. Oo ee Ee 
A= 34 = 34 =— 34x12|/3 6 me 
sae | Zee © eee 0 7 9 -1li a 
7 9-1 
) A Fae hice fe 16 9 


and subtracting the second row from the last row, it is evident that the reduced d 

terminant vanishes ; hence A = 0. 
7. Calculate the determinant formed by the first nine natural numbers arrang' 

in a magic square : . 


1 9 2 
ae ee 
8 1 6 


_ Ans. 360. i 
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8. Calculate the determinant formed by the first twenty-five natural numbers 


ged in a magic square: 
. 10 18 1 14 22 


4 12 25 8 16 
23 6 19 2 15 
17 5 13 21 9 
11 24 7 20 3 Ans. — 4680000. 


Le y? 
so” US UY . 2 y" 
= =-—|1 -—2 4-2? 
oe 0 Os 1 #2& —s 2-2 
1 gy? —y? 


1 y # 0 1 yey -y¥ 
, to obtain the second determinant, we subtract the second column from each 
e following ones. In the reduced determinant, subtracting the first row from 
of the following, we find 


1 s y? 
A=-| 0 — 22? g— gy? | =— 
0 Pye — 2y? 


= (y? + 22 — 22)? — 44222 

= (y? + — a2 + Dy2)(y? + & — a2 — Dye) 

={(y + 2)?— 27} {(y — 2)? — 27} 
=-(e@tyt2)(y+2—2)@+e-y)(@+y-%. 
10. Prove the identity 


(2 + e)* a* a 
A= b (c + a)? b? = 2abe(a + b+ ec). 
e e& (a+b) 


btracting the last column from each of the others, (a + 4+)? may be taken out 
a factor. Calling the remaining determinant A’, and subtracting in it the sum of 
e first two rows from the last, we have 

ete 0 a* b+ec-a 0 a* 


II 
—) 
° 
a 
i) 
| 
~ 
> 
vo 


A= 0 e+a—b b 
e-a—b c-a—b (a+b) — 2b ~2a Qab 


1 
=— —b b2 |}. 
~ 2 b(e+a ) 
—2ab —2ab 2ab 
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Adding the last column to each of the others, we obtain 
a(b + ¢) a a 


1 a(b +0) a b+e a : 
A! = — B b(e+a)  |=2 = 2ab | 
ab B = (e +a) 6 ec+a \aal 
0 0 2ab 
= 2abe(a+ b+). 
Hence, A=A'(a+b + ¢)*= 2abe(a+ b +c). 
11. Prove the identity 
1 1 1 
a By |=(B-¥)(y-4)(a-8)(at+B+74). | 
o =ps 3 . | 


Subtracting the first column from each of the others, 8 — a and y — a become. 
factors. In the reduced determinant, subtract the first row multiplied by a? from. 
the second row. | 

12. Resolve into simple factors the determinant 


1 1 1 1 


a* B4 y 54 ¢ 
Proceeding as in Ex. 11, we easily find that (8 — a) (y — a) (8 — a) is a factor, and 
that the reduced determinant is e 
1 1 1 : 

B+a yt+a 5+4 . ; 

B+ Bat Barta wW+yatya?ta® 8+48a+5a?+a° | 
Subtracting the first column from each of the others, (y~ — 8) (5 — 8) comes out 


-as a factor, and the remaining factor is easily found to be (5 — y)(2 +B + 7+ 4). 
Hence, finally, 


=—(B —-y)(a—8) (vy —a) (8 —8) (a—B)(y—8)(a+ B+7+8). 
13. Resolve into linear factors the determinant 


ee ee 
Ami 6. +5 36 
ee ee 


Multiply the second column by w, and the third by w?; and add to the first. 
The factor 4 + wb + w*c may then be taken off the first column, leaving the con- 
stituents 1, w, w?. Adding then the second and third rows to the first, the factor 
a+6+e may be taken out; and the remaining determinant is easily found to be 
equal to a+w*d+we. Hence we have 


A= (@+64+6)(a+ wh + we) (a+ wd + we). 


a ee 
7 
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14. Resolve into linear factors the determinant 


my ho oa 

ee ee ae 
A= 

Oe ee Oe 

’ Si ee Seer 


The result is as follows :— 
A=—(at+b+e+d)(b+ce—a—d)(¢+a—b—d) (a+b—e-Aa), 


since each of the factors here written is a factor of the determinant ; for example, 
a+6—c-—dis shown to be a factor by adding the second column to the first, and 
subtracting the third and fourth. By comparing the sign of a‘ it appears that the 
negative sign must be attached to the product. 

It may be observed that the determinant of Ex. 9 isa particular case of the de- 
terminant here considered, viz., that obtained by putting a = 0, as will appear by 
comparing the equivalent forms of Ex. 9, Art. 114. 

121. Multiplication of Determinants.—Prop. VIII.— 
The product of two determinants of any order is itself a determinant 
of the same order. 

We shall prove this for two determinants of the third order. 
The student will observe, from the nature of the proof, that it 
is equally applicable in general. We propose to show that the 
product of the two determinants (a, 52¢3), (aiSzys) 1s 


Ma, + b, 3, +O Y1 Maz + b: Be +OQY2 hast b Bs + Ciy3 
Aza, + b, (31 + C291 2+ b2 (32 + C22 A2a3 + b [3s + C2Ys | 3 
3a, + b; Bx + C391 32 + b; 32 + C32 a3a3 + b3[(33 + C33 


whose constituents are the sums of the products of the con- 
stituents in any row of (a,6.¢;) by the corresponding constituents 


| in any TOW of (a1 27s). 


Since each column consists of the sum of three terms, this 


determinant can be expanded into the sum of 27 others (Art. 


118). Now it will be observed that when any one of these 
is written down, a common factor can be taken off each column ; 
and that several of the partial determinants will, when these 
factors are removed, have two (or more) columns identical. The 
determinants which do not vanish in this way can be easily 
selected. Taking, for example, the first vertical line of the first 
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column ; this would give a vanishing determinant if we were to 
take along with it the first line of the second column. We.take — 
then the second line of the second column, and along with — 
these two we must take the third line of the third column to | 
obtain a determinant which does not vanish. Retaining still — 
the first line of the first column, we may take the third line 
of the second column along with the second line of the third — 
column. Taking out the common factors of the columns, we 
write down these two determinants as follows :— 


ay b, Ci dy Cy by 


a1 2s A, bz C + a1 72[33 A, Cz Ob, 


ds. 05. 6s a; Cs Os 


Taking in turn each of the other lines of the first column, 
we obtain four other determinants which do not vanish. Thus” 
there are in all six terms; and it is plain that (a b, ¢;) is a fac- 
tor in each of these. ‘Taking out this factor, there remains the 
sum of six terms— 


a: Boys — a, [3372 ae a2[31 3 + a3[3i 72 + a2 [3371 2 a3 (3271, 


and this is the determinant (a,(3.y;). We have thus proved 
that the determinant above written is the product of the two 
given determinants. 

In either of the given determinants the rows may be writ- 
ten in place of columns; hence, the product may be written 
in several different forms as a determinant; but these will, 
of course, give the same value when expanded. 


122. Multiplication of Determinants continued.— 
Another mode of proof of the proposition of the last Article, 
expressing as a determinant the product of two given determi- — 
nants of the same order, may be derived from Laplace’s mode 
of development already explained (Art. 115). 

The nature of this proof will be sufficiently understood from — 
the application which follows to two determinants of the third 
order :— 
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The product of the two determinants (a152¢3), (a1 B23) is (see Ex. 3, Art. 115) 
plainly equal to the determinant 


ay by ¢} 0 0 0 
a be C2 0 0 0 


In this determinant add to the fourth column the sum of the first multiplied by 
a1, the second by A, and the third by y,; add to the fifth column the sum of the 
first multiplied by az, the second by fz, and the third by y2; and add to the sixth 
column the sum of the first multiplied by a3, the second by 83, and the third by 3. 
The determinant becomes then 


m% b&b | Math Bitay ataztbiBetery. aia3 + 51834 cys 
G2 bg Cg agait+b2Biteryi aeaz+ b2B2+ coy2 aeaz + b2B3 + cos 


a3 63 ¢3 agm+03Bit+esy1  d302+03B2+ c3y2 a3a3 + b3B3 + esy3 


mt. 0 (OO 0 0 0 
el (0 0 0 0 
=o -1 0 | 0 0 


And this is, by Art. 115, equal to the product (with the proper sign) of the deter- 
minant 
-—1 0 0 
0 -1 9 | (which is equal to — 1), 
0 0 -1 


by the complementary minor, which is the same determinant as that obtained in the 
preceding Article. That the sign to be attached to the product is negative is easily 
seen by moving down the first three rows till the diagonals of the two minors in 
question form the diagonal of the determinant itself. The student will have no 
difficulty in observing that, in the general case, the number of such displacements 
is odd when the order of the given determinants is odd, and even when it is even; 
so that the sign to be placed before the product-determinant of Art. 121 is always 
positive. 
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EXAMPLES. 
1. Show that the product of the two determinants 


| a + ib e+ 


? 


| a — i C740. 
—ce+u¢d a—ib 


—c'-—id’ a’ +b’ 
where i = V— 1, may be written in the form 


[peice Bis 


—-B-iA D+iC 
where 
Azgbei—b'c+ad’'—ad, B=ca—cat bd' — 0d, 
C=ab'’—ab+cd'—cd, D=aa + bb’ + ec’ + dd’; 


and hence prove Euler’s theorem 


(a? + b2 + 6? + d*) (a? + 6? + e2 + a’) 
= (aa’ + bb'+ cc’ + dd’) + (be — be + ad’ —a'd)* 
+ (ca’ — c'a+ bd'— bd)? + (ab’ — wb + cd’ — ed)’, 


viz., the product of two sums each of four squares can be expressed as the sum of four 
squares. 


2. Prove the [following expression for the square of a determinant of the third 


order :— 
Gp se |e 2 (ac — b*) ace’ + a'e — 200’ = ac’ +: ae — 200" 
Dw ec | ce ee 20’ 2(a’e’ — 0) ac’ +a" —20'0" a 
ae ee ac’ +a"e—2bb" a’c’+a'c’ —20'b" =. 2. (ae — 0) 
This appears by multiplying the two determinants 
a b 6 bic 2) 4G 
a’ Dee aa, | C600. a |, 
Bo 0 ere | cf’ — 26” a’ 
which differ only by the factor 2. 
3. Prove the identity 
2Qbe — a* c b? 
2 2ca—b? a |= (a+ 03+ 6 —3abe)’. 


b? a 2ab—c 


Rectangular Arrays. 259 


This may}be readily proved by multiplying together the two equivalent deter- 
minants 


a b e —a c b 
b ce a, —b a c 
c a b -—c¢ b a 


4. Show that two determinants of different orders may be multiplied together. 

For their orders may be made equal ; since the order of any determinant can be 
increased by adding any number of columns and the same number of rows consisting 
of units in the diagonal, and all the rest zero constituents. For example, 


1 0 0 0 


a by 0 1 0 0 
may be written ’ 
a2 bo 0 0 a by 
0 0 a2 be 


the only effect of the added constituents being to multiply the determinant by unity. 
More generally, one set of added constitutents (i.¢. those either to the right or the 
left of the diagonal) might be taken to be any quantities whatever, the remaining 
set being ciphers. Thus (a2) may be written in either of the forms 


1 a B y 1 a B y 

0 1 ) € 0 1 0 0 
eee <p, FO 8 a 
0 0 a2 be 0 € a2 be 


as readily appears by means of the expansion of Art. 114. 


123. Rectangular Arrays.—Arrays in which the num- 
ber of rows is not equal to the number of columns may be called 
rectangular. These do not themselves represent any definite 
function ; but if two such arrays of the same dimensions are - 
given, there can be derived from them by the process of Art. 121 
a determinant whose value we proceed to investigate. 


(1). When the number of columns exceeds the number of rows. 


Take, for example, the two rectangular arrays, 


b 1 a 1 1 1 Oo 
A oe ) (1), a B i (2) ; 
GM b, & dy § a2 Be ¥2 oe 

s 2 
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and, performing on these a process similar to that employed in 
multiplying two determinants, we obtain the determinant 

da, + 6, (3, + Gryit dy oy Ay az + by [32+ Cry2+ dee 

Aza, + b, [31 + Coy t+ ded) Az az + bz [32 + Coy2 + A2de 
The value of this is easily found to be 


(a, bz) (as (32) + (Arex) (ary2) + (ade) (ar 82) + (01 ¢2) (Br y2) 
+ (didz) (Bids) + (142) (182) 


‘. ee on 
ee xe 
helenae 


i.e. the sum of the products of all possible determinants which can — 


be formed from one array (by taking a number of columns equal to 


the number of rows) multiplied by the corresponding determinants 


Formed from the other array. 
The student will have no difficulty in extending this proof 
to any two arrays of the kind here treated. 


(2). When the number of rows exceeds the number of columns — 


the resulting determinant vanishes. 
Take, for example, the two arrays, 


ay b, a, By 
Qs b, CE), a2 Be (2). 
a3 bs a3 Bs 


Performing the process of multiplication, we obtain the deter- 
minant 

aa, + b, Bi A, az + b: Be Aas; + b, Bs 

Aza, + b2f31 deaz + b:[3, d2a3 + b. 35 

a3a, + b; 3: Asa, + b3(32  Asas + b; Bs 


It will be observed that this determinant is the same as would 
arise if a column of ciphers were added to each of the given 
arrays, and the determinants so formed then multiplied. It 
follows that the determinant vanishes, since it is the product of 
two factors each equal to zero. 

It readily appears that a similar proof applies in general. 
It is only necessary to add to each array columns of ciphers, so 


as to make the number of columns equal to the number of rows, 


and then multiply the two determinants. 
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‘os EXAMPLES. 
4. From the two arrays 


i Feces gee | et) ae | 
(1), (2), 
ep ¥ a B ¥ 


3 a+Bt+y 
= (a — 6)? + (a — 7)? + (8B — 7)*. 


at+B+y @+B+7 
2. From the two arrays 


a. 8. ce toe a! ee 
fo, : : (2), 
c cé a 


a’ 


Verify, by squaring the array 
abed 
ee ei 
result of Ex. 1, Art. 122. 
Prove the determinant identity 
(a1 — 1)? (a1 — be)? (a1 — 3)® (a — a)? 
(a2 — 01)? (a2 — 62)? (a2 — 43)? (az — 4)? 
(43 — 01)? (a3 — 2)? (ag — b3)® = (as — ba)? 
(a4 — 01)? (a4 — 52)? (ag — 3)? (ag — 04)? 


Ii 
— 


s can be proved by multiplying the two arrays 


a? a 1 1 —2b, 5? \ 
az 1 1 —2d2 3,? 
(1), + (2). 
az? a3 1 1 —2b3 3b; 
a” a 1 1 —2h 3 | 


262 Determinants. 


124. Solution of a System of Linear Equations.— 
We have seen in Art. 114 that a determinant may be expanded 
as a linear homogeneous function of the constituents in any row 
or column, the coefficient of any constituent being the corre- 
sponding minor with its proper sign. We have, for example, 


A oa a, A, + A, A» + a;As + &e. 


Now, the coefficients 4,, A, &c., are connected with the consti- 
tuents of the other columns by n — 1 identical relations, viz., 


Ill 


bo A, oe b, A» + b,.A, + &e. 0, 
CAs Sa Cy, A» + ¢3;As3 4 &e. = 0, &e. ; 


for any one of these is what the determinant becomes when the 
constituents of the corresponding column are substituted for 
Gy M2, ds, &e., and must therefore vanish. 

By the aid of these relations we can write down the solution 
of a system of linear equations. The following application to 
the case of three variables is sufficient to explain the general 
process. Let the equations be 


aAeUe+by+azs=m, 
A,t + boY + 23 = My 


AsX BS bsy + C33 = M3. 


Multiply the first equation by A, the second by -A,, and the 
third by A;; and add. The coefficients of y and z vanish, in 
virtue of the relations above proved; and we obtain 


(aA, + Ge A, + a3.A3) “L= m, A, + Mz Ax + m3A.s5 


-or 
my, b, Ci 
at = Me b. Co 9 
Mz b; C3 


where A represents the determinant formed from the nine con- 
stituents, a, 01, 4, &e. 
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Similarly, multiplying by B,, B., B;, we obtain 
(b, B, + b. B, + b; Bs)y = m,B, + mB, + m3.B3, 


a mm Gy 
Ay=| @ m |, 
a3 M3 C3 


where the determinant on the right-hand side is what A becomes 
when ™, 2, m; are substituted for the constituents of the second 
column. Similarly, we obtain for z 


a. Oe on 
Bel Bo: by Ms 
ad; 6b; ms 


These values may be written more compactly, as follows :— 
Aw = (1,03), Ay = (diIm2¢3;), Az = (a1b,ms). 
In general, the values of x, y, s, &c., may be written as fol- 
lows :— 
. (m, 6.65... J,) (a, mb; .. . dp) (a,b, ... Jn) 
ME i)” (G,0,0,.-- ty) (i Bp. « Ga)’ << 
where, to obtain the value of any variable, the given quantities 
- ™, M, &c., on the right-hand side of the given equations are 
to be substituted in A for the coefficients of the variable in 
question, and the determinant so formed to be divided by A. 
125. Linear Homogeneous Equations.— When n - 1 
linear homogeneous equations between variables are given, the 
ratios of the variables can be determined by bringing any one of 
them to the right-hand side of the equations, and solving as in 
the previous Article ; or we may determine these ratios more con- 
veniently, as follows. We take the particular case of three 
equations between four variables, which will be sufficient to 
illustrate the general process : 


Mmet+bhy+astdw=0 \ 
At + boy + 8+ dow = 0 | (1) 


a,a + bsy + 2 + d3;w = 0 
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To these may be added a fourth equation whose coefficients 
are undetermined, viz., 


ac+ hy +us+ dw =x. (2) 


Calling (a,6.¢;d,) as usual A, and solving from these four | 
equations by the method of the last Article, we obtain, since 
m, = 0, m= 0, m;= 0, m =A, the following values :— 


Av = AA, Ay=AB, As =AQ, Aw =rAD, 
or, 


Ae Bis OD. o ‘ 

The first three of these equations express the ratios of the 
four variables in terms of the coefficients in the three given 
equations. And, in general, the variables are proportional to the 
coefficients in the expansion of A of the constituents of the n™ row 
supposed added to the n—1 rows resulting from the given equations. 

We can now express the condition that » linear homogeneous 
equations should be consistent with one another; for example, 
that the equation (2) should, when A = 0, be consistent with the 
equations (1). We have only to substitute in (2) the ratios de- 
rived from (1), when we obtain 


aA, + 6.2, + Cc +- d,D, = 0, 
or 


A=0. 


The same thing appears from the equations (3), for if A = 0, 
and if the variables do not all vanish, A must vanish. 

What has been proved may be expressed as follows :—The 
result of eliminating the variables between n linear homogeneous 
equations in n variables is the vanishing of the determinant formed 
by the coefficients of the given equations. 

126. Reciprocal Determinants, — The quantities 
A,, By, C,... A, B, &e. (Art. 114), which occur in the ex- 
pansion of a determinant (¢.e. the first minors with their proper 
signs), may be called inverse constituents ; and the determinant 
formed with them the inverse or reciprocal determinant. We 
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proceed to prove certain useful relations connecting the two de- 
terminants. 

(1). Zo express the reciprocal in terms of the given determinant. 
Let the reciprocal of A be denoted by A’, and multiply the two 
determinants 


ay bh, Cy A B, Cc; 
A= A b, C2 ) A’ = a: B, oO. 
dz Ob; Cs D. key sas 3S 


All the constituents of the resulting determinant except 
those in the diagonal vanish (Art. 124); and the result is 


A OO 
AA’=| 0 A 0 |=A?; 
7 '0..% 
whence 
A’ = A’. 


The process here employed in the particular case of two de- 
terminants of the third order is equally applicable in general ; 
giving AA’ = A”, or A’= A”"". Hence the reciprocal determinant 
is equal to the (n — 1) power of the given determinant. 

(2). To express any minor of the reciprocal determinant in terms 
of the original constituents. 


We take, for example, the determinant of the fourth order, 
and proceed to express the first minors of its reciprocal. Maulti- 
plying the two determinants on the left-hand side of the follow- 
_ ing equation, and employing the identical equations of Art. 124, 
we obtain 


m 6b Gq 4d, Oe. 8 “%.:.0°9..9 
& b&b « d, A, B, CG, Di| |% A 02.0, 
ee Pd, BO. dD, | | Oa Of 
_— & c- a, 8 Oe ia Ue A 
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whence B, C, D, 
A| B C; Ds |=aA', 
B Cy D, 
or (B,C3D,) = a A’, 


thus expressing the first minor of A’ complementary to .A,. 
Again, to express the second minors of A’, we have, by an | 
exactly similar process, 


pe Saar Pacoa A j ies | a | eee | a, 6, 0°43 
eta 6 1 0 0 a bh 0 0m 
htm &| | 4 Bm OC D| |\o &h 4 
aa, ROO, De | ac be 


whence 


C; Ds ay b, | 
A = A 
OF DD, Ae b 
or (C; D;,) (a, b:) A. 


The general theorem of which these are particular cases can — 
be proved in a similar manner, and may be expressed as fol- 
lows :—.A minor of the order m formed out of the inverse consti- 
tuents is equal to the complementary of the corresponding minor of 
the original determinant A multiplied by the (m — 1)" power of A. 

For example, in the case of a determinant A of the fifth 
order a minor of the third order is expressed in the following 
manner :— 


(C;Ds Hs) = (arb) A”, 


as the student can easily verify by a method exactly similar to 
the proof above given. | 
If the original determinant A vanishes, it is plain that not 
only the reciprocal determinant itself, but also all its minors of 
any order vanish. The vanishing of the minors of the second — 
order may be expressed in the following form :— When a deter- 
minant vanishes, the constituents of any row of its reciprocal are 


ss Wegthe’s 
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proportional to those of any other row, and the constituents of any 
column proportional to those of any other column. 


127. Symmetrical Determinants.—Two constituents of 
a determinant are said to be conjugate when one occupies with 
reference to the leading constituent the same position in the 
rows as the other does in the columns. For example, d, and 
b, are conjugates, one occupying the fourth place in the second 
row, and the other the fourth place in the second column. Each 
of the leading constituents is its own conjugate. Any two con- 
jugate constituents are situated in a line perpendicular to the 
principal diagonal, and at equal distances from it on opposite 
sides. 
| A symmetrical determinant is one in which every two con- 
_ jugate constituents are equal to each other. For examples of 
such determinants the student may refer to Art. 114, Exs. 2, 9, 
10, and Art. 115, Ex. 4. 
In a symmetrical determinant the first minors complementary 
to any two conjugate constituents are equal, since they differ 
only by an interchange of rows and columns. The correspond- 
ing inverse constituents are also equal, the signs to be attached 
_ to the minors being the same in both cases. It follows that the 
reciprocal of a symmetrical determinant is itself symmetrical. 
The leading minors are plainly all symmetrical determi- 
nants. 
The mode of expansion of Art. 117 is especially useful in 
the case of symmetrical determinants, as will appear from the 
examples which follow. 


EXAMPLES. 


1. Form the reciprocal of the symmetrical determinant 


a h g 
Az=i| A b Fs 
r Sea dee 


E Using the capital letters to denote the reciprocal constituents, as explained in 
s Art. 114, so that A may be expanded in any one of the forms a4 + AH + 9G, 
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hH+6B+fF, gG+fF+cC, we may write the reciprocal determinant A’ as : 
follows :— DG 


458 


G be—f? fg—ch hf — bg 
F =| Sg -— ch ca — g gh — af 
C 


my & 


| hf-—bg gh-af ab—ih 


2. Form similarly the reciprocal of 


= 
~~ 

“S 
3 


g - c n 
m 


Using a notation similar to that of the preceding example, so that A may be ex- — 
panded indifferently in any of the forms 


aGA+hH+gG+IL, hH+bB+fF+mM, &., 


the reciprocal determinant A’ is obtained by replacing in A the constituents by the © 
corresponding capital letters. The student will find no difficulty in writing out, if 
necessary, the expanded form of any of the reciprocal constituents ; for example, F — 
is the minor complementary to f with its proper sign (the negative sign in this case), 4 
and F is therefore obtained from the expansion of 


a h Z 3 
ae ces eee : 
l m a 4 


3. Expand the determinant A of Ex. 10, Art. 114, by the method of Art. 117. 

Bringing the last row and last column into the position of first row and first 
column, and using the notation of Ex. 1 for the inverse constituents of the leading 
minor, the result can be written down at once in the form 


— A= Ad? + By? + Cy? + 2Fuv + 2Gva + ZHAm. 


Since a determinant is unaltered when both rows and columns are written in re- 
verse order, if the expansion of a determinant be required in terms of the last row 
and last column (as in the present example), it is not necessary to move them in the — 
first instance into the position of first row and first column. The expansion can be 
written down from the determinant as it stands, replacing in the rule of Art. 117 
the leading constituent and its minor by the last diagonal constituent and its com- 
plementary minor. 

4. Expand the determinant A of the above Ex. 2, in terms of the last row and 
column, by the method of Art. 117. 

Attending to the remark at the end of the preceding example, and using 
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A, B, C, F, G, H, to represent the same quantities as in Exs. 1 and 3, the result 
may be written down as follows :— 


a h g 
A=dal\h b FS | —AP- Bm? — Cn? — 2Fimn — 2Gnl — 2Him. 


LS a 


When a symmetrical determinant of any order is bordered symmetrically (i.e. by 
the same constituents horizontally and vertically) the result is plainly a symmetri- 
cal determinant of the next higher order. The result of Art. 117 shows in general 
that the expansion of the bordered determinant consists of the original determinant 
multiplied by the constituent common to the added row and column, together with 
a homogeneous function of the second degree of the remaining added constituents. 


5. Expand the determinant 


a h g y a 

h | Pea kYbatee , Wet «| 

velvet Wek eiliee alee eh te | 
m ad 3 

a B Y 5 0 


This is the determinant of Ex. 2 bordered symmetrically, the common consti- 
tuent of the added lines being zero. The result is plainly a homogeneous function 
of the second degree of a, 8, y,5; and, by aid of the notation of Ex. 2, may be 
written down at once in the form 


— A= Ao? + BB? + Cy? + D* + 2FBy + 2Gya + 2HaB 
+ 2La5 + 2MBS5 + 2Ny75. 


6. Prove by means of the Proposition of Art. 121, that the square of any deter- 
minant is a symmetrical determinant. 


128. Skew-Symmetric and Skew Determinants.— 
A skew-symmetric determinant is one in which every constituent 
is equal to its conjugate with sign changed. Since each leading 
constituent is its own conjugate, it follows that in a skew-sym- 
metric determinant all the leading diagonal constituents are 
‘zero. 

A determinant in which all except the leading constituents 
are equal to their conjugates with sign changed is called a skew 
determinant. Thus, while a skew-symmetric determinant is 
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zero-axial, a skew determinant is not. The calculation of a 
skew determinant may plainly be reduced to that of skew- 
symmetric determinants by the method of Art. 116. 4 
The remainder of this Article will be occupied with the proof. 
of certain useful properties of skew-symmetric determinants. 
(1). A skew-symmetric determinant of odd order vanishes. 
For any skew-symmetric determinant A is unaltered by 
changing the columns into rows, and then changing the signs ; 
of all the rows. But when the order of the determinant is odd, : 
this process ought to change the sign of A; hence A must in 


this case vanish. For example, a 
Uae Senge . | 

A=|-a 90 ec j#0. 

-b -c 9 


(2). The reciprocal of a skew-symmetric determinant of the nth 
order isa symmetric determinant when nts odd, and a skew-symmetrie ‘ 
determinant when n ws even. if 

In any skew-symmetric determinant the minors correspond. _ i 
ing to a pair of conjugate constituents differ by an interchange _ 
of rows and columns, and by the signs of all the constituents. — 
Hence the two minors are equal when their order is even, 
namely when is odd; and equal with opposite signs when » is 
even. In the former case, therefore, the reciprocal determinant 
is symmetric; and in the latter case it is skew-symmetric, its 
leading diagonal constituents all being skew-symmetric deter- © 
minants of odd order. ie 

(3). A skew-symmetric determinant of even order is a perfect 1 
square. : 

This follows from the principles established in Art. 126. 
Take, for example, the determinant of the fourth order, 


0 a b c 


Examples. 271 


and let the inverse constituents forming its reciprocal be de- 
noted by A,, B,,... 4:, &e. We have then, by (2), Art. 126, 
Val 
A, B,- A,B,=A a fA, 

3 yo 
Now A,, and B,, being skew-symmetric determinants of odd 
order, vanish ; and 4A, =-— B,, since these are conjugate minors ; 
hence /?A = A,’, which proves that A is a perfect square. 
Similarly, for the determinant of the sixth order, it is proved. 
that the product of A by a skew-symmetric determinant of the 
fourth order is a perfect square ; and since the latter determi- 
nant has been just proved to be a perfect square, it follows that 
A isalso. By an exactly similar process, assuming the truth of 
the Proposition for the determinant of the sixth order, it follows 
for one of the eight; and so on. 


EXAMPLES. 


1. Verify the following expression for the skew-symmetric determinant of the 


fourth order :— 
0 a b c 


—a 0 ad é 
-b -d 0 He 
—-ce -e -f 0 


= (af — be + cd@)?. 


2. Expand in powers of # the skew determinant 


-—a x ad e 


—-b -d Mee 6 


—-ce -e -f @&@ 


When the expansion of Art. 116 is employed to calculate a skew determinant, 

it is to be observed that the determinants of odd order in the expansion all vanish, 

and those of even order may be expressed as squares. Here the coefficients of the 
odd powers of x plainly vanish, and the result takes the form 


A=e4+(@+RP4+04 a4 64 f*) x? + (af — bet ed)’. 
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3. Expand the skew determinant 


—a Ds ee aren drome 
-b -e Cioh t |e 
; -e -f-h D gf 


—-d -g -i -j E 
The result may be written in the form 


ABCDE + 3j? ABC + 3(¢j — fi + gh)?A, 


where the first 5 includes ten terms similar to the one here written, and the second = 
includes five terms. The terms involving the products in pairs of the leading con- 
stituents vanish, as also the term not involving these quantities. ‘ 
4. The square of any determinant of even order can be expressed as a skew- 
symmetric determinant. 
The following method of proof is applicable in general. 
The square of (a; b2¢3d4) is obtained by multiplying the two following determi- 
nants :— 3 


Gq Oh 4 —-bh & -h G4 
a2 be C2 dz — be a2 - d2 C2 

? ? 
a3 b3 ¢3 ds = b3 a3 _ dz ¢3 
dee ee —by G4 -—-he % 


and the product of these is 


0, —(a12) — (¢1d2), — (a1b3) — (c1d3), — (154) — (c14%4), 
(a1 b2) + (c1d2), 0, —(a2b3) — (¢2ds), — (azbs) — (coda), 
(a1b3) + (c1ds),  (@2b3) + (c2ds), 0, —(asbs) — (cau), | 
(a; 54) + (¢1d4), (az b4) + (c2d4), (a@3b4) + (c3d4), 0, 


which is a skew-symmetric determinant. 
5. Form the reciprocal of a skew-symmetric determinant of the third order. 
Using for A the form in (1) of the present Article, the result is easily found to 
be the symmetric determinant 


eo — be ae 
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6. Form the reciprocal of the skew-symmetric determinant A of the fourth order 
in Ex. 1. 

Representing by ¢ the function af — de + ed whose square is equal to A, and by 
A’ the required reciprocal, we easily find 


0 fp -ep dp 

-fp 0 cp — bp 

ep ep 0 ap 
iis: .ite ae 0 


The value of this skew-symmetric determinant may be written down by aid of 
the result of Ex. 1. It is thus immediately verified that A’ = (af — be + ed)? ot= a’. 

7. Form the reciprocal of the skew-symmetric determinant A of the fifth order, 
obtained by making the leading coefficients all vanish in the determinant of Ex. 3. 

Since the reciprocal is a symmetric determinant (see (2), Art. 128), and since also 
it must be such that the constituents of any line are proportional to those of any 
parallel line (Art. 126), it appears that the required determinant must be of the 
form 


gr” pige2 gids gids igs 
p21 2” haps pads = fags 
o3o1 paz os” o3hs sos |, 
gigi gig2 pigs = pa? ha hs 
opi pop2 d5h3s d5h4 ps" 


in which ¢1, $2, $3, $4, 5 are five functions of the second degree in the original 
constituents whose squares are the values of the five first minors complementary to 
the leading constituents of A. 

In general the reciprocal of a skew-symmetric determinant of any odd order 
2m + 1 is of a form similar to that just written, the diagonal constituents being the | 
squares, and the remaining constituents the products in pairs, of 2m + 1 functions, 
each of the m** degree in the original constituents. 


(129. Theorem.—We conclude the subjects of the present 
Chapter with the following theorem relating to a determinant 


whose leading first minor vanishes. Adopting the notation of 


Art. 117, we regard A as the vanishing determinant, and state 
the theorem to be proved in the form :—ZJf a determinant A, 


_ whose value is zero, be bordered in any manner, the product of the 


determinant so formed by the leading first minor of A is equal to 
the product of two linear homogeneous functions of the added con- 


stituents. 


= 
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Retaining the notation of Art. 117, we propose to prove that 
the product of A’ and 4, may be expressed in the following © 
form :— | 

A, A’=-(Aja+ BiB + Ciyt+...)(Aia’ +A, 8’ + Asy’+...). 


This follows at once from (2) of Art. 126 by considering in | 
the determinant ee Te to A’ the values of the constituents 
inverse to aq, a, a’, a3; and expressing in terms of the original — | 
constituents the determinant of the second order formed by 
these four. Another proof of this result may be readily derived | 
from the expansion of Art. 117, by the aid of the property of ; | 
the reciprocal of a vanishing determinant (Art. 126), viz., that 1 
in the determinant formed by A,, Bi, Ci, &c., the constituent a 
in any line are proportional to those in any parallel line. | 

If the original determinant A is symmetrical, and the bor- | 
dering also symmetrical, the two factors on the right-hand side 
of the above equation become identical, and the theorem takes | 
the following form :—IJfa symmetrical determinant, whose value 
is sero, be bordered symmetrically, the product of the determinant | : 
so formed by its leading second minor is equal to the square with 
negative sign of a linear homogeneous function of the bordering con= ‘ 
stituents. a ; 

Regarding A’ as the original determinant, the following | 
useful statement may be given to the theorem just proved : i | c 
in any symmetrical determinant the leading first minor vanish, the” 
determinant itself and its leading second minor have opposite signs. 


Se 


. 


EXAMPLES. | 
1. If a skew-symmetric determinant A of odd order 2m + 1 be bordered in any v 
manner, the resulting determinant A’ is equal to the product of two rational fune~ 
tions each containing the added constituents in the first degree, and the ori 
constituents in the m*‘” degree. 43 
Writing, according to the result of Ex. 7, Art. 128, the reciprocal of the given : 


skew-symmetric determinant in the form 

o1° 1 2 o193 « 
papi go” paps - - 
g3p1 page 3” . . 


sigs 


ba 3 
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and applying the theorem of the present Article, we find 


gi? A’ = — (p12? a + G1 G28 + pidsy+ -«-)(pi?a’ + p2gp1h'+ p3sgiy’+...), 
or A’ =— (gia + $28 + psyt.--) (pia + $28'+ day’ +...). 


It may be observed that if in this result a’, 8’, y’, &c., be made equal to — a, —B, 
—y, &e., respectively, we fall back on the theorem (3) of Art. 128. 


2. If a skew-symmetric determinant of even order 2m be bordered in any man- 
ner, the resulting determinant is equal to the product of two rational functions, one 
of the m*, and the other of the (m+ 1)* degree in the constituents. 

This may be derived immediately from the result of the last example by making 
equal to zero all the added constituents a’, p’, y’, &c., except the last, which is to 
be made=1. The determinant then reduces to one of the (2m + 1)* order of the 
kind here considered, the bordering constituents forming the top row and the last 


column. It appears also that the factor of the m*” degree in the result is the square 


root of the given skew-symmetric determinant of order 2m. 


3. Resolve into its factors 


y’ 6b -a 0 


Ans, —(aa + bB + cy)(aa’ + bp’ + cy’). 
4. Resolve into its factors 


4 6 —a 0 z 


e -x4% -y -2 0 
Ans. (au + by +02) {x (By’) + y(ya’) + 2(aB’) + a(ad’) + 5(BS’) + ¢(y5’)}. 


If the leading constituent a, (see Art. 117) is not zero, the term a, (av+ by+ez)? 
must be added to this result. In general, excluding the term aA arising from the 
leading constituent, it appears by (2), Art. 128, that the expanded form of any 
skew-symmetric determinant of even order, bordered as in Art. 117, is a linear 
homogeneous function of the determinants (af’), (ay’), (By’), &c. When the bor- 
dered determinant is of odd order, as in Ex. 3, the leading constituent a may 
always be taken equal to zero without affecting the result. 


T2 
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MisceLLANEous EXAMPLES. 


1. Prove 
a ay a2 
a1 a2 a3 — J, 
a2 a3 a4 
where J has the same signification as in Art. 37. 
2. Prove 
Bt+y vyta a+8 . ee eee 
Bp’ ae 7 “’ be a’ a’ ra B’ - 2 a B’ oA 
B” a y" 7" a a” a’ +4 B” a” Bp” yl” 
3. Prove 


| By By’ + B'y B’y’ 
ya oyaty’a ya’ | = (By’) (‘ya’) (aB’), 
aB aB'+a’B- ap’ 


where the factors on the right-hand side are determinants of the second order. 


Dividing the rows by By’, ya, a’ p’ : and putting AS tall p= - yo £6 the! 4 
determinant (omitting a factor) reduces to the form 3 


ey ot eee" 1 -A py ! 
1 ypt+ta wv [=| 1 -p wa |2—(e—v)(v—A)(A—p), &o. | 
1 A+pm Ap i —y Ap 

4. Prove 


ae Bb oe 2 | __ —(b¢)(ad’)(ca’) (bd’) (ad’) (ed’) 
Pe eae” era” abeda ed : 


Pe aaa ge ie 


ee GO et: Z Feat 4 
Multiplying the columns by DP _ @ the determinant reduces to the form 
treated in Ex. 10, Art. 112. 
5. Prove 


Byte Byt+ad 1 
yar + B28 yat+pds i = (B — y)(a— 8)(y— a) (8-8) (a— B)(y—8). 
af? +778 aB+yi 1 


Add the last column multiplied by 2aByé to the first. The determinant be- 
comes then of the form of Ex. 9, Art, 112. 


4 oe J § eae 
ae 
‘ig ReO 
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6. Prove 
(B+y-a-8)* (B+y—-a-—38) 1 


= 64(B —y)(a—8)(y—a)(B—5 
(yta—B-3)* (y+a-—Bf-38) 1 A Wie Mhy =a) ) 


(a+B-y—-d)! (a+B-y-8) 1 (a—8) (y—8). 
7. Prove 
a 6 ax+b 
‘ ¢ bate |=— (ac—6)(ax*+2br+0). 
ax+b be+e 0 


Subtract from the third row the second row plus the first multiplied by 2. 
8. Prove similarly 


a b c ax? + 2bxe+e 
b ¢ d bx? + 2cx+d 
e d e cx? + Wdx+e 
ax?+2bat+e be+2cxr+d ca*+ Wuxte 0 
a ee 


=-| 6b ec @ | (aa*+ 4bx>+ 6cx? + 4dx + e). 


x ee 
9. Given 
Si (@) = a2 + 3b, 27 + 3e,%7 + dy, 
S2(&) = dex + 8b2.2? + 8c2.% + de, 
._ f3(x) = aga? + 8b3%? + 8e3a + ds; 
prove the identity 


Silt) fi(z) fi'(2) 


ay by ¢} ay 
S2(z) fa(z) fa"(z) | =— 18 

a2 bg dz 
Js(z) fs(u) — fs'"(z) 

as bg €3 ds 


The first determinant reduces easily (omitting a factor) to the following :— 
ax+ by, bj2+4 Qxnx+ady 


dazu + be box + C2 cot + de 


* 


a3xz + bs b32% + ¢3 3% + dz 


We have seen (Ex. 4, Art. 122) that the order of a determinant may be increased 
without altering its value. By a suitable selection of the added constituents the 
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calculation of a determinant may often be simplified by bordering it in this via | 
The determinant last written is plainly equal to 3 


1 0 0 0 
4 Qnet+h be+aqa art+d 


a2 dat+be, dbex+eg e4%+de 


a3 ag3x+b3 dbsxtes c3x+ dz 


Subtracting from the second column the first multiplied by x; subtracting the rf | 
from the third the new second column multiplied by z; and, finally, from the fo hi 
the new third column multiplied by x, we have the cult above stated. 5 

10. Show that the determinant 


Aa + cy* + bz? -—1 (A—¢) ay (A —b) xz 
(A —¢) xy Ay? + az* + cx® -1 (A — a) yz 
(A — b) xz (A —a@) yz Az + ba? + cy? -1 


contains A(z? + y? +2”) —1 as a factor, and that the remaining factor is ind - 
pendent of a. ‘ee 
Border the determinant, as in Ex. 9, with a first column whose constituents are __ 
1, Ax, Ay, Az; and with a first row whose constituents are 1, 0,0, 0. Subtra ot 
then x times the first column from the second, y times the first column from ° 
third, and z times the first column from the fourth. In the determinant t thus 


times the fourth; and the result follows. 
11.. Expand in powers of x the determinant 


a+e by C1 ay 

a2 bo+% te dz 

a3 bs eg3+u ds 
a4 b4 C4 d4+ ax 


+ { (bzes'ds) + (a1 034) + (a1 bods) + (a1 boc3)} & + (a1 bz¢3ds). 
12. Prove the identities 


a er ee : 

1 B PB BB BO Go A aa 
ey oe pool le cl Bl 
1 38 8. 


A =(B-¥)(a-8), B= (y-a)(B-8), C = (a—B) (7-4), 
A’ =(p'—7')(@'- 8), B= (7y'-a/)(6'—8), - O' = (@ 8B) (7-8). 


ee 
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Expanding the first determinant in terms of the minors formed from the first 
two columns (see Art. 115), we easily prove that it is equal to 
A(B'/ + of B) + By + BB) + Ow 8 +7/8); 
and employing the identical equation 4 + B+ C=0, along with the relations of 


Ex, 18, Art. 27, the result follows. 
13. Prove that the determinant of Ex. 12 is equal to 


1 By + ad By +a’ 8’ 
1 ya + Bd ya’ + B'S’ 
1 aB + 76 a’ B+ y'5" 


This follows at once from the relations of Ex. 18, Art. 27. Ifa’, B’, 7’, 3 be 
put equal to a”, 6”, y™, 5” in the result, we obtain an identity which includes 
Ex. 5, p. 276, as a particular case. 

14. Prove 
x a a2 a3 1 


a x | ee ee | 
a B #@ a 1 |= (e-a)(e-B)(e-y) (4-8); 
ey « 1 
a B Y coat | 


M%, 42, a3, bi, b2, ec, being any quantities. 

This follows by subtracting a times the last column from the first, 8 times the 
last from the second, &c. The student will have no difficulty in writing down the 
corresponding determinant of the (” + 1) order which is equal to the polynomial 
F (x) whose roots are aj, az, a3, - - - Gn. 

15. Resolve into factors the determinant 


(a-aP  @-BP  (a—7/)? 
A=| (@-a (B-B)? (8-7? | 


seta Sete 9 dae aan. | dame 8 & 


a” a 1 1 so Bi’ a’? 
Here A=| ~ B ae oe ce, Sate —2p' Bp? '; 
eS ee csinegs of dat ets 


and these two determinants may be resolved as in Ex. 9, Art. 112. 
16. Resolve into factors the determinant 


len ay. (a+RY  e@-7F 
Pg (B—- a’) (B — p’)s (B- A 
(y—a@’)® (y-B)® (y-7'? 
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Multiplying the two rectangular arrays 
a 1 1 —-38a’ 3a% —@’8 


Pf  £ Teah, 1 -of 38? -f' Ge 


ee, pes ee | 1. =—8y By? = —7" 


A becomes equal to the sum of four terms, from each of which we can take out asa 
factor the product of the two determinants 


The remaining factor is 
3 {3aBy — Shy Sa’ + Sh’y’ Sa — 30’ f’y’}, 
which can be written also in the foim 


3{(a—a’) (B—B’) (y— 7’) + (a—B’)(B—Y’) (y—a’) + (2-7) (B—a’) (y-B)}- 


17. Prove the expansion 


1a 4 1 1 i 
a id 
: pe : isd hae | 
= 1 423% f+ 2454242}. 
1 1 l+az; 1 a @ 4% mM 
i 1 1 l+a 


This is easily proved by subtracting the first column from each of the others, 
and then expanding the determinant as a linear function of the constituents of the 
first column. It will be apparent from the nature of the proof that the value of the 


similar determinant of the n* order is a, a2a3... on} 1+ . : 
18. Prove the relation 

a e.. x 

x“ B x x 


=f (2) — xf" (2); 


ree ekg, ee 


£ x x 5 


where ST (x) = (4 — a) (%— B)(4 — y) (% — 8). 


This can be derived from the previous example, or proved independently in a 
similar way. As in the last example, the determinant of this form of the x“ degree 
can be similarly expressed. 


| 
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| 
19. Each of the coefficients of any equation can be expressed in terms of the 
| roots as the quotient of two determinants. 
| The student can easily extend to any degree the following application to the 

equation of the third degree. 

From Ex. 10, Art. 112, we have 


or, 7. tf 
Expanding the determinant, this identity can be written 


2 


“ae aoe | oo ai a a 1 a a a 


BB 1i/8-|8 B 1 ie+| 6? B 1\2-|— B&B 


my 1 kee ae yale cake | stile aero 9 
a 4 ii 
=| f? B 1 | {#—pi2?+pox—ps}, 


Yee ae. 


from which the above proposition follows; y1, 2, p3 being the coefficients of the 
equation whose roots are a, B, y. 


20. To express as a determinant the reducing cubic in the solution of a biqua- 


dratic. 
Employing Descartes’ method, and substituting from equations (1), Art. 64, in 
_ the identity 
Ps 0 0 2 p+p qt+_ 
p p 0}; |p p O0}=| pty’ pp py +p'g |=9, 
. ¢ 0 ey ee qt+q py+pqg 299° 
we find the equation 
a b c+ 2ap 
b c-—ap ad = 0, 
c+2ap ad ' e 


a cubic for @, which is easily seen to be identical with the cubic 


; 4a°~* — Iap + J=0 
of Art. 64. 
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21. Find the condition that the homogeneous quadratic function of - : | 
variables a 
ax + by* + cz* + 2fyz + 2qex + BZhay 
should be resolvable into two factors. 
Equating the given function to the product of the factors 


(ax + By + 2) (a’x + By + 72), 


we readily find 
” ee ee | 4.95 ae hg 
B. 8.20 pp Olea he aN 
yy fs Jet oe eee 


hence the required condition is that the symmetric determinant last written shoul 
vanish. 3 
22. Show that the most general values of w, y, z, w which satisfy the two hom 
geneous equations 4 


ax + by+cz+dw=0, We aoiy alee tee 

may be expressed symmetrically in terms of two indeterminates X, Y, in the fo m 
(ab’) (ac’) (ad’)a4 =aX +a'Y, ’ 

(da’) (bc’) (bd") y BESS a b’Y, &c. 


This can be proved by joining to the two given equations the two following :— 
a B2 a 2 a3 °° 38 ee gt ¢ 
eee ge aoe eg ee ag ee 

where A, p are indeterminate quantities; by then solving for 2, y, z, w, as in Art, 

124, and reducing the determinants as in Ex. 4, p. 276; and finally making 

X=a'b'ed'rn, Y=-— abcd. a 

23. If in any determinant 7 columns (or rows) become identical when # = 1 
then (x —a)r-1 is a factor in the determinant. 
This appears easily by subtracting in the given determinant one of the r colum 
from each of the others. The resulting 7 — 1 columns must each contain # —a@ 
a factor, since by hypothesis each constituent in it vanishes when z# = a. 
24. Find the value of the determinant of the »* order 


x a a . a 


a x a . a 


whose leading constituents are all equal to z, and the remaining constituents all 
equal to a. : 


i 
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By the preceding example A must contain (x —@)""! as a factor; and by adding 
all the columns we see that_it must also contain # +(m—1)a@ asa factor. Hence A 
can differ by a numerical factor only from the product of these ; and by comparing 


_ the product with the leading term we find 


A= (x — a)" {x + (n- 1) a}. 


This result can readily be proved directly without the aid of Ex. 23. 
25. The determinant 


Sila) fra)  fs(a) 
Si(B) f2(8) f3(B) |, 
Sily) faly)  fsly) 


in which fi, fo, fs are any rational integral functions, contains the difference-pro- 


duct (8 — y) (y—«) (a— B) as a factor. 

This appears readily by reasoning similar to that of Ex. 23. Determinants of 
this nature, in which the constituents of any column (or row) are functions of the 
same form, and the constituents of any row (or column) involve the same variable, 
are called alternants. It is plain that the result is general, and that the alternant 
of any order contains as a factor the difference-product of all the variables involved. 


_ The determinants of Exs. 9, 10, Art. 112, and Exs. 11, 12, Art. 120, are alternants 


of the simplest form. 

26. Express in the form of a determinant the quotient of the alternant in the 
preceding example by the difference-product. 

Assuming, to fix the ideas, that the functions involved are each of the fifth 
degree (which will include lower degrees by making some coefficients vanish), we 
may write 

Sila) = a 05 + bat + cra + dha + eat fi, 
S2(a) = aga>+ boat + e203 + dea® + e2a+4 fr, 
Sa (a) = a3a°+ bsat + c30° + d3a? + e3a + fr. 
Now taking a, f, y to be the roots of the equation 
e+ pur+qut+r=0, 


and forming the product of the following determinants :— 


a Sone see ae ee | oe Os: a OR 
Pee Pe 1 a, bg C2 de @ fe 

a ey YP xy 1 a3 by C3 dy ¢€ ffs 
ee OO OO ed Be Lee 
Bd 0a 0: 0 GP ip cg ops 

1 a, eee ee ee 1 PUR cages! GRR SEG: 


it readily appears that the determinant last written is the required quotient. 
A similar method may be used to form the quotient when the alternant is of any 
order, and fi, f2, f3, &c., rational integral functions of any degrees. 
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27. Resolve the following determinant into linear factors :— 
ay aa 43 G4 4% 
% M1 %a&m a m% 
i Os GQ fe. as. 


a3 a4 a5 a a 


a2 a3 a4 a5 ay 


Here in all the rows the constituents are the same five quantities taken in cir- 
cular order, a different one standing first in each row. A determinant of this kind 
is called a circulant. It is convenient to write a circulant in the form here given, _ 
viz., such that the same element occupies the diagonal place throughout. Taking - 
@ to be any root of the equation «° — 1=0, and adding to the first column the _ 
sum of the constituents of the remaining columns multiplied by 6, 6”, 6°, 64, re- 
spectively, we observe that the following are factors of the determinant :— 7 


+a, +43 +4 +45, 
a + Oaz + 67? a3 + 2 a4 + 04 as, 
@ + 0 a2 + 04a3+ 0a, +0°a5, 
a + 63a2+0a3 + O4a4 + 07 a5, 
a + 04a2+ 63 a3 + 07 a4 + O45, 
the five roots of #5 — 1 = 0 being 1, 0, 62, 63, 64; and comparing the coefficient of S : 
° in both expressions it appears that the numerical factor is unity (cf. Ex. 13, — t 
Art. 120). af 
The method here employed can easily be extended to express a circulant of the 
nth order as a product of » factors by means of the roots of the binomial equation — 
a —1=0. i 
28. Calculate the determinant of the n** order 


an bn 0 0 0 
—1 Ani bni1 O 0 
An = 0 1 ina Dee 0 , 
GC. 0 1 sma fees 


in which all the constituents are zero except those which lie in the diagonal and in 
lines adjacent to it on either side and parallel to it, one of these latter sets consisting 
of constituents each equal to — 1. 

Expanding in terms of the first column, we have the following relation connect- 
ing three determinants of the kind here considered whose orders are », »—1, 


n — 2:— 
An = G An-i + On An-2. 
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By aid of this equation the calculation of any determinant is reduced to that of 
the two next inferior to it in the series An, An-1, An-2, ..- Az, Ai; and the values 
of A; and A: are plainly a; and a2 + be, respectively. 

Dividing the equation just given by An-1 we have 


An bn 
An-1 n-1 : 
An-2 


replacing by a similar value the quotient of An.1 by A,-2, and continuing the pro- 

cess, it appears that the quotient of any determinant by the one next below it in 

the series can be expressed as a continued fraction in terms of the given consti- 

tuents. On account of this property determinants of the form here treated are 

called continuants. When each of the constituents bn, dni, .. . 43, b2 (in the line 

above the diagonal) is equal to+1 the resulting determinant is a simple continuant. 
29. Calculate the determinant of the ** order 


fae Bee ere ar ay 
B a 1 0 0 
| An =]. 0 B a 1 0 ? 
| x 0 0 B a 1 


whose only constituents which do not vanish are a, B, 1, lying in the diagonal and 
_ the lines adjacent and parallel to it as here represented. 

_ The calculation is readily effected for any particular value of m, in a manner 
similar to that of the last example, by aid of the equation 


An = aAn-1 — BAn.2, 


2 the values of A; and Az being a and a? — B, respectively. 
By examining the formation of the successive values of A, the student will 
readily observe that the terms contained in the result are 


a", az"? B, ae"-4 B2, APL a” Br-}, B’, 
_ when » is even and of the form 27; and 
aertl, a2"-1 B, a2r-3 B?, Zee oe a? pr-*, ap", 


* when » is odd and of the form 27 + 1. 

. For the purposes of a subsequent investigation, in which the results just stated 
- will be made use of, it is not necessary to know the general forms of the numerical 
- Coefficients which enter into these expressions; but such forms can be arrived at 
without difficulty, and the following general expression obtained for An :— 


(n — 3) (n— 2) oriet (n —5) (nm — 4) (n —8) 
5 1.2.8 


a®6 BF + &e. 


An = a? — (n—- 1) a”? B + 
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30. When a polynomial 7 is divided by another U’ of lower dimensions, the 
coefficients of the quotient, and of the remainder, can be expressed as determi nan | 
in terms of the coefficients of U and U’. a 

The method employed in the following particular case is equally applicable 
general. Let U be of the 5th, and U’ of the 8rd degree ; the quotient and r 
mainder can then be represented as follows :— @ 


Q=nV+unetg, R=rnetinat re 


Also, let 
T= a0 +a 244+ a243 +032? +0404 a5, Ul =a e+ ay x +9’ a4+as. 
From the identity V=QU’+R 


fe 
ig 


we have the following equations :— 
ao = Jou’, 
= goa + giao’, 
az = qod2’ + gia’ + qed, 
a3 = gods + qid2’ + g2a1'+ 10, 
a4 = gids’ + g2a2’+ 71, 
a5 = 9243 + 12. 


Solving by Art. 124; go, 91, g2 are expressed as determinants by means of t th | 

first three of these se cone ; and taking the first three with each of the others i 

succession, we determine 70, 71, 72. For example, to find ro we have from the first 
eet 


four equations 


a 0 0 —-a a 0 O «@ 
a’ a O -qH a a Com 
=0, or a279 = 
, , , , , , 
a2’ a a —& a’ a & & 
a3) a2’ a’ —a3+7% a3’ a2’ ay a 


31. Find the general forms of the coefficients of the quotient, and of the re: 
mainder, when a polynomial of even degree 2m is divided by a quadratic. 
Taking «* + av + 8 as the given quadratic function, we have the identity 


Ay x?™ + ay a?M-l + aggrm? +... + damok? + dome % + dam 
me (gou?m-? + qivms +... + dam3% + J2m_2) (“+ av+B) + rox+r1. 


Writing down the first r + 1 equations, formed as in the preceding example, te 
solve for go, 71, 92, - ++ Yr, it is easily seen that the value of gr thence derived m is 
a determinant of the ih order of the form treated in Ex. 29, bordered at the to 
with the constituents 1, 0,...0, ao, and at the right-hand side with ao, a1, ...: Ay. 
Expanding this ed 3 in terms of the last column, it is immediately seen th: 
any quotient is expressed by means of a series of the determinants of Ex. 29 i in 
the form 

Yr = Gy — Ay-) Al + Gy-2 A2 — ee» @ Ari + Ar, 
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‘the upper or lower sign to be used according as r is even or odd. To obtain the 
- coefficients of the remainder, we have the equations 


Bq2m-3 + &Qam-2 + 70 = Aem-1, 
Bd2m-2 + 71 = Geme 


Expressing the values of g2m_3, g2m-2 by the formula just proved, and attending 
to the results of Ex. 29, we derive the following general forms for ro and 7, :— 


19 = Agm-1 + Agm-3 B + Aoms B? +... + A3B"™? + Ay pr, 
1) = A2m + Bom-2B + BomsB? +...4+ Bzpm) 4+ BoB”, 


in which the coefficients 4, B are all functions of a, the highest power of a in any 
coefficient 4 or B being represented by the suffix attached to the coefficient. 
32. If the leading constituents of a symmetric determinant be all increased by 


_ the same quantity x, the equation in w, obtained by equating to zero the determinant 


so formed, has all its roots real. 
Let the determinant of the n order under consideration be denoted by An and 
written in the form 


a+ 2 h g 
h b+a f 

An = 
g +4 ec+2 


Let the determinant obtained from this by erasing the first row and first column, 


i.e. the leading first minor of An, be denoted by An; again, the leading first minor 
Of An-1 by An-2; and so on, the last function A; obtained in this way being of the 

form 7+ 4. To these we add the positive constant Ao = 1, which may be re- 
garded as completing the series of minors and obtained by the same process, since 


An is not altered by affixing a last rowand a last column consisting entirely of zero- 


3 . elements, with the exception of the constituent + 1 in the leading diagonal. We 


have now a series of 7 + 1 functions— 


An, An.1, An-2, --+ Az, Al, Ao; 


whose degrees in x are represented by the suffixes. When + ois substituted for x 


_ the signs are all positive ; and when — » is substituted, the signs (beginning with Ao) 
__are alternately positive and negative. Hence, if x be regarded as increasing con- 


tinuously, changes of sign must be lost in this series during the passage from — 
to+c. Now it appears by the theorem of Art. 129, that a value of x which 


a - causes any function (excluding An, Ao) in this series to vanish gives opposite signs 
to the functions adjacent to it on either side. Ao retains its sign throughout. It 
follows, exactly as in (2), Art. 89, that a change of sign can never be lost except 


when « passes through a real root of A,=0. There must, therefore, exist » real 
roots of this equation in order that » changes may be lost during the passage of # © 
from —« to + «0. 
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Any equation in the series, being of the same form as A, = 0, has all its roots 
real. It is plain also that each of these equations is a limiting equation (see Art. 
83) with reference to the equation next above it in the series; since, in order that 
a change of sign may be lost between A», and An_1 at the passage through each of 
two consecutive roots of the former, the value of An. must change sign between 
these two values of x The equation A, = 0 may have equal roots, and by what 
has been just proved it appears that when this equation has r roots equal to a, : 
the equation A,-1 = 0 has r — 1 roots aa to a, the equation An-2 = 0 has r — 2 
roots equal to a, and so on. as 

The determinant here discussed occurs in several investigations in pure mathe- é 
matics and physics. The proof here given of the property above stated is taken from P 
Salmon’s Higher Algebra (Art. 46), to which work the student is referred for other 
proofs of the same theorem. : 

33. If the determinant of the preceding example have r roots equal to a; prove Lf 
that every first minor has r — 1 roots equal to a; every second minor 7 — 2 roots : 
equal to a, and so on. ce 

Employing the notation 4, H, G, ... for the elements of the reciprocal deter- : : 
minant, we have the equation + 


AB = HH? = An-2 An. 


Now it is easily seen by proper transpositions of rows and columns that every ue 
leading first minor contains the multiple root r—1 times. It follows from the ~ 
equation just written that the minor H must contain this root 7 — 1 times; and H ~ 
‘may be taken to represent any first minor. 


34. Find the conditions that the equation 


at 


a+2z h g 
h b+a f =0 


Mega: SSO 


ee 


Sera ee a 


fe 


g Sf e+2 
should have equal roots. 


Since each first minor must contain the double root, we readily derive the | 
required conditions in the following form :— 


g he : 
This and the preceding example are taken from Routh’s Dynamics of a System @ 
of Rigid Bodies, Part u., Art. 61. *# 
A 
H 
fe : 
i 


130] 


CHAPTER XII. 


SYMMETRIC FUNCTIONS OF THE ROOTS. 


130. Newton’s Theorem on the Sums of the Powers 
of the Roots.— We now resume the discussion of symmetric 
functions of the roots of an equation, of which a short account 
has been previously given (see Art. 27); and proceed to prove 
certain general propositions relating to these functions :— 

Prop. I.—The sums of the similar powers of the roots of an 
equation can be expressed rationally in terms of the coefficients. 

Let the equation be 


F(a) = a + pO") + pre” + 6. + Dn 
= (@ —.a,) (a — az) (w—as) sere (a — an) = 0. 

We proceed to calculate Sa’, da’,... Sa”; or, adopting 
the usual notation, s., s;,... Sm, in terms of the coefficients 
Piy Pr +++ Pn- 

We have, by Art. 72, 


1g) £0, £0. , 


/ er) 


wo Oy w— Ae L—-An 


; =n" + (n — 1) pia"? + (n— 2) pot? + 06. + Qn o% + pna 3 
and we find, dividing by the method of Art. 8, 


f(a | 
e ( ) “* a +} a gn + a’ gn -++ a°® g4 + eee + oe: 
-L-a 
+p,|  +pal +pa tpia™ 
+ pr + pra + pra" 
+ ps 4 ae 
+ Pn-2a 
+ DPn-1- 


‘ 
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If in this equation we replace a by each of the quanti 
Qj, a2, .-~- a» in succession, and put s,= Xa? =a? +a,?+...+ 


we have, by adding all these results, the following value f 
J’ (2) — 
SF (#) =n +8, | a? +8, a”? + 85 af +... + Be 


+ Np; + P81 +P Se + Di Sn2- 


+Np2 |. + P28 + P28n3 


+ Mp5 a 


whence, comparing this value of f’(~) with the former, 
obtain the following relations :— 


s+ pi = 9, 

So + 18 + 2p2 = 9, 

83 + PS. + p28 + 8p; = 0, 

Sa + Pi83 + P28. + pss + 4p, = 9, 


Sna + P1S8n-2 + P28n-3 ++ +++ Pn28it (n-1) pyr =. 


* 


the second s,; the third s,; and so on, until s,_, is determine 
We find in this way 


- The first equation determines s, in terms of pi, po, .-+ Pn 


S=—-Py %&= pr — By 8 = — prt 8p p2— BPs, 
Ss = prt — 4p,°p.t+ 4p. ps + 2p.’ - Ann, 
8; = — pi + 51° pe 8 Opry" ps -5 (p? — Ps) Pr +5 (Pops — ps) 3 


Having shown how 1, 8, 8... 81 can be calculated 
terms of the coefficients, we proceed now to extend our res 


| oo 
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to the sums of all positive powers of the roots, Viz., 82, Sri, ++. Sm 
For this purpose we have 


gre f(a) = ao + pie + poe * +... pa. 


Replacing, in this identity, « by the roots a, a2... an, in succes- 
sion, and adding, we have 


Sm + PiSm-1 + P28m-2 a evtane + PnSm-n = 0. 


Now, giving m the values n,n +1, +2, &c., successively, 
and observing that s, = , we obtain from the last equation 


Sn + DiSnit Prsn2+.-.+ Mn =), 
Snyit+ Mi8n + PeSeit...+ padi = 0, 
Snse + Pr Sn41 + P28n me eee + Pn82 = 0, &e. 


Hence the sums of all positive powers of the roots may be 
expressed by integral functions of the coefficients. And by 
transforming the equation into one whose roots are the reci- 
procals of a, a2, a3,.-. an, and applying the above formulas, 
we may express similarly all negative powers of the roots. 

131. Prop. I].—Every rational symmetric function of the 
roots of an algebraic equation can be eapressed rationally in terms 
of the coefficients. 

It is sufficient to prove this theorem for integral symmetric 
functions, since fractional symmetric functions can be reduced to 
@ single fraction whose numerator and denominator are integral 
symmetric functions. Every integral function of ai, a, ... an 
is the sum of a number of terms of the form Na,” a,“ a;”..., where 
NV is a numerical constant; and if this function is symmetrical 
we can write it under the form N2a;’a,4a;"..., all the terms 
being of the same type. Therefore, if we prove that this quan- 

_ tity can be expressed rationally in terms of the coefficients, the 
theorem will be demonstrated. We shall first establish the 
following value of the symmetric function a,’ a! :— 


a,” ao! = Sp Sq — Sn+ge (1) 


U2 
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To prove this, we multiply together s, and s,, where 


whence 


or : - 


which expresses the double function Sa,” a: in terms of the _ 

single functions %p, 89, Sp1g in the form above written. , 
We proceed now to prove a similar expression for the triple — 

function, 1.e., | 


Day? az! as” = Sp8oSr — Sgr Sp — SrapSq — SprgSr + 28prqar- (2) | 
Multiplying together a;’a,? and s,, where 


Say’ az? = ay’ aot + a, a? + ay’ as? qo te 


ll 


8 =a" +a + ay +... + an’, 


we obtain an expression consisting of three different parts, viz., _ 
terms of the form JSa;’*"a%, af" a”, and Sa; a/a;". 
Hence 


S, Day? ae? = Sa,’*" ant + Bala? + Lay’ az! az’, 


a formula connecting double and triple symmetric functions. 


But, by (1), 


Zar? ast = Spur 8q — Sprqery bs 
Da,t” a? = Sir Sp i Sp+qers 
Sa az! & Sp Sq ae Sp+qe 


Substituting these values, we find the triple function — 
Da,’ a,4a;” expressed as above in terms of single functions in — 
the series 81, 82, 83, &e. | 

In the same manner the quadruple function Say? az! as” ay! 


131, 


3 2. | 
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can be made to depend on the triple function Sa,’ a.’ a;’, and 
ultimately on s,, 8, 8, &c.; and so on. Whence, finally, 
every rational symmetric function of the roots may be expressed 
in terms of the coefficients, since, by Prop. L., s, 8, 83, &e., 
can be so expressed. 

The formulas (1) and (2) require to be modified when any of 
the exponents become equal. 

Thus, if p = q, aa. = aa’, and the terms in (1) become 
equal two and two; therefore ay? a2 = 2a,a,”; whence 


Lay’ a? = 3(sy" — sp). 


Similarly, if p=q =r in Ya/’a,/a;", the six terms obtained 
by interchanging the roots in a;’a2’a;" become all equal ; hence 


1 
Daa? ag? = 9.3 (8p? = BSp Sop + 2Q8ap)- 


And, in general, if ¢ exponents become equal, each term is 
repeated 1.2.3... ¢ times. 


EXAMPLES. 


1. Prove 
201? a2% az” ass = Sp Sq Sr 83 — SSp SqSr4s + 2 SSp Sq+r4s = ZSp+q Sr+s = 6 Spigures- 
2. Proye 


24 S01" a2" a3” a4” = Sm* — 6 8m" Sam + 85mS83m + 382m" — 684m. 


132. Prov. III.—The value of s,, expressed in terms of 
Pry Pry + + Pn, ts the coefficient of y” in the expansion by ascending 


powers of y of - r log (5). 
Since 


a” + pa" + pou '+ 2.6. + Pn = (w@—ar)(w@—- az)... (@— an), 
putting ; for x in this identical equation, we find 


l+piyt+pry’t+psy? +... + pay” = (1 -ay)(l-ay). ..(L-any)- 
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Now, taking the Napierian logarithms of both sides, 


PYt+ poe |yYrt+ps |\Yrm |Y+Ds y>+&e....+P,y" + &e. q 
ve ai — Pipe — Pips — Peps ae 
2 1 ‘ 
— 
+ 3 a 5 pe oe 
+ Pr Ps 
+ py" po 
1 7 Pips 
oA pr — pr po 
1 
+ 5 pyr 


1 1 1 | 
a — Ya ZY Zyrss—- . = Uf br — G0. 


Therefore, equating coefficients of y” in both expansions, 


B= ols, 


where P,, is the coefficient of y” in log y"f (=). 


From the above identical equation it may be seen that 
s, (r less than n) involves the coefficients p,, Pr, Ps . - - Pr only 5 
and, therefore, P11, Prizy) - » - Pn May be made to vanish without — 
affecting the form of the expression of s, in terms of the coef- 4 
ficients. | 


183. Zo express the coefficients in terms of the sums of the 
powers of the roots. 


* Since 


Ll+piyt poy? + Leet Dny” = (1—ay)(l-—ay)...(l-any), 


we have 

n 1 2 1 
log (1+piyt...+pny )=-Yai- ay Se-— se. - Pe ogo. (1) 
and, therefore, 


1 + piytpry’ er + pny” = 0795-497 52-347 85 — ee i 
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which becomes by expansion 


1 1 1 Mens. 
1— siy—5 8 y’— 38 y- 7s Y 
+ : 8, os, Meee 
1.2" | a ie 
- : a; ae 
ee A 
+ i a 
ee. 
. 1 i 
si 


Now, comparing the coefficients of the different powers of y, 
we obtain values for ,, po, Ps... Pn, In terms of 8, S2,... 8p 3 
and we see that p, involves no sum of powers beyond s,. 

If the identity (1) be differentiated with regard to y, the 
equations of Art. 180 connecting the coefficients and sums of 
powers may be derived immediately from the resulting identity. 

It is important to observe that the problem to express any 
symmetric function of the roots in terms of the coefficients or 
any coefficient in terms of the sums of the powers of the roots is 
perfectly definite, there being only one solution in each case. 

We add some examples depending on the principles estab- 
lished in the preceding propositions. 


EXAMPLES. 


1. Determine the value of 
p (ai) + p(a2) +... + P(an); 


where ai, az, a3, ...an are the roots of f(x) = 0, and $() is any rational and 
integral function of x. 
We have 
, 1 1 t 
f'(@)_ 2 


= + 06 
S(t) @-m «-@ & — ay’ 


and 


Fle) o(e)_ 9@) , o@) , , ot) 


tT (@) L-a e—a Z— Gn 
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Performing the division, and retaining only the remainders on both sides of this 
equation, we have 
Rowe 4+ Ram? + ...4+ Raa p (a1) (a2) (an) 


FT (2) se ela eee 


whence 
Row + Ry wr? +... + Rn-1 = Sp (a1) (w — az) (uw — a3)... (w— aan) ; 


and, comparing the coefficients of «”-! on both sides of this equation, 


Ro = Xp (a1). 


| 
2. Prove that sp is the coefficient of ype 10 the quotient of the division of f(z) 


by f(z) arranged according to negative powers of 2. 
3. Prove that s_py is the coefficient (with sign changed) of #?-! in the same quo- 
tient arranged according to positive powers of x. 
4. If the degree of (x) does not exceed n — 2, prove 


> (ar) 
2 a =o 3 
eles (ar | 
ren | 
where > denotes the sum obtained by giving r all values from 1 to ~ inclusive. 
r=l1 


We have, by partial fractions, 


(2) Ay 4 Ag ren An : 
I (2) %Z—- a1 w%— a2 &%— An 


and, multiplying across by f(x), and putting x equal to ai, az, ... in succession, 


g(a) (a) 1, ola) 1 pla) BOP 
F(2) i Aa ee 


whence 


When ¢$(z) is of the degree » — 2; expressing the first side of the equation as a 
F a ; : 1 Pic 
function of 7 it readily appears that there is no term without — as a multiplier. 
ax 


We have therefore, comparing coefficients, 


Ss 9 (ar) _ 
2 Fe) 


te. 
~~ 


As @ may be any rational and integral function of degree not higher than ” — 2, 
we have the following particular cases which are worthy of special notice :— 


qn-2 0 an-3 a 1 


Pio FG he Fa 
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5. Prove that the sum of all the homogeneous products I,, of the r’* degree of 
the quantities ai, a2,...an, is equal to 


> ha 
: J’ (a) 
We have, putting y = > 
co 1 
FT («) ee (l—ay)(l—ay).-. (l—any) 
=(ltaiytary?+...)(ltazytar2y?+...)...(L+ any t+ an2y? +...) 
=1+My+Mey?+...+ypy"+... 
Also gn-l ae Pe a | 
f(a) “f'(a) e-a@ 
and therefore 
x” qn} 1 qrir-1 


ROS Son AIT NS es 
Fe) * Fe) Tay FPO" 
whence, comparing coefficients of y” in these two expansions, 
qntr-1 
f'(a)" 

6. To express the coefficients of an equation in terms of the homogeneous pro- 
ducts of the roots, and vize versd. 

From the equation of the preceding example 

1 


(1—ay)(l—azy) ... (l—any) 


My. 


=1+Mhy+ty*+..., 


we have 
(lt+piytpey?+...+pny")(14+My+Iley?+...)=1, 


which gives the following relations :— 
gi+imh=0, 
pe + Me + pith = 0, 
ps + TI3 + pille + peti = 0, &e. 

These equations (in which, for values of r not greater than ”, pi, 2, --+ Pry 
and 1, Mz, ... Ml, are interchangeable) determine yi, po, . . . Yn in terms of 
Th, Me, .. . Tn, and vice versd. 

By means of this and the preceding example the values of the following symme- 
tric functions may be found in terms of the coefficients :— 

qrl ar qntl 
Be, Bae Ay OO 
F(a)’ “F(a ~ f'(a)’ 

7. To express II, by the sums of the powers of the roots. 

; 1 ; . 

Representing by the product (1—aiy) (1 — ay)...(1—any), and differentiat- 


ing, we find 
1 du 


a 
a eee srt ee 
u dy gage Si t+ 82Y +83Y" Tees 


also w=1+Mhy+Thy*+... 
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We have, therefore, 


(1+ My+Mey?+...)(sitseyt+sy?+...) =Mh+ 2Mey+ 3Msy?+... 


Now comparing the several coefficients of the different powers of y, we havea : 
number of equations by means of which the sums of the homogeneous products 
Tl, Te, Ts, ... may be expressed in terms of 81, s2, s3, Ke. ~ 
By 

8. To find a general expression for s» in terms of the coefficients y1, po, . .. Pny 
of an equation of the n‘ degree. q 


We have 
pte 1)" 
—loge(l+piyt+ pay? +.--+pny")= 2 —— (ryt pay? +--+ pny)" 
rf=l 
uf i | 
=ay +5 ny? + Zaye +.. += smym +. 


Now, making use of the known form of the coefficient of yin the expansion of 
(piy + poy? +... + pny")" by the multinomial theorem, and comparing coefficients 
of y™ in the hee equation, we find 


_slyrmr(ni + ret... +1) 
Sm 2 Reena) 


Di"! por? .. - Pn", 
in which | 
Tit ret Tat...t+ m=", 


\ y+ 2r2+ 873+... 42 n = M3 


and 71, 72, 73, «.- 7n are to be given all positive integer values, zero included, which 
satisfy the last of these two equations. Also, representing by 7; any of these in- 
tegers, 4 

T(rg+1)=1.2.38...7 


with the assumption that ['(1) = 1 when 7; = 0. 


9. To find a general expression for any coefficient ym in terms of the sums of | 
the powers of the roots s1, s2, ... 8m. : 
We have 


L4 py + piy?+...tpmy™+. 0+ peyton. et ct |... 
When the factors on the right-hand side of this equation are developed, and the - 
coefficients of y” on both sides compared, we find, employing the notation of the last 
example, ; 

(- 1)ritrat: *249m 8171 $072... SmTm 
2 (71 +1) 0 (7241)... UP (rm + 1) 272 873... mm’ 


Pm = 
in which 71, 72, ... 7m are to be given all positive values, zero included, which : 
satisfy the equation 

1 + 2re+ 387g +...+ Mrm= mM. 
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134. Definitions. Theorem.—The weight of any sym- 


metric function of the roots is the degree in all the roots of any 
term in the function. For example, the weight of Sa(3*y° is 
is six. 


The order of any symmetric function of the roots is the 


highest degree in which each root enters the function. For 
_ example, the order of Saf3*y* is three. 


It has been proved (see Art. 28), that the weight of any 


symmetric function of the roots, when expressed by the co- 
efficients a, di, d2,.. . dn, 18 the same as the sum of the suffixes 
_ of each term in the expression. We now prove another im- 
_ portant theorem, viz.: 


Lf any symmetric function be expressed in terms of the coefficients 


Z Pry Pr +++ Pn the degree in the coefficients is the same as the order 
_ of the symmetric function. For example, Sa’? =p.— 2pips+ 2p, 


no term being of higher degree than the second in the coefficients, 


and the order of the symmetric function being two. 


The student may easily satisfy himself of the truth of this 


* theorem by observing that in the equations (2) of Art. 23, the 
. value of each coefficient in terms of the roots contains each root 
in the first power only ; hence the highest degree in the co- 


efficients will be the same as the highest degree of the cor- 


x responding symmetric function in any individual root. We 
add the following formal proof, as it is in accordance with the 


proofs of certain general propositions to be given subsequently. 


Q 2 Ay 


ety oe 


Replace the coefficients p,, p., .. . Pn by 


Now, if ¢ (a, a2, ...a,) denote any rational and integral 


- symmetric function of the roots, we have 


a” o (a, 2, - » » an) — F (dy iy Ary he tie Soe Gn), 


where a is the degree in the coefficients of 2’ (do, di, da, - - « An); 
a homogeneous and integral function of the coefficients, not 


divisible by a. 


We require now to show that a is the order of g. For this 
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purpose change the roots into their reciprocals, and, therefore, _ 
Qos Qi, eee An into Any Gn-15 eee Ao. Whence | 


an (= = anh? ) = F (Gn, An-ry Onay + + « My) 3 (1) 


a; a2 An 


6(- A LY _ olay a, as - - an) 


ae as. on an / (a) a2 a3 are: an)? ’ 


where p is the order of g, and y an integral function not divi- 
sible by the product of all the roots; (a:a,a;... an)” being the 
lowest common denominator of all the terms. Substituting in 
(1), we have 


a? b (ar, 25 - o « an) — Di OP OF (Ga, An-15 ‘8 6 Ay). 


From this equation it follows that p is equal to a; for if p 
were greater than a, ~ (ai, a2, ... an) would be divisible by the 
product a,a.... an, and if it were less, the function of the coef- 
ficients F'(dy, dys, ...@) would be divisible by an, both of which ~ 
suppositions are contrary to hypothesis. 


135. Caleulation of Symmetric Functions of the ? 
Roots.—Any rational symmetric function can be calculated by _ 
the method of Art. 131. In practice, however, other methods — 
are usually more convenient, as will appear from the examples _ 
given at the end of the present Article, and from the following — 
Articles, in which we shall give certain general propositions _ 
which in many cases facilitate the calculation of symmetric 
functions. > 

The number of terms in any symmetric function of the roots — 
is easily determined. For example, the number of terms in 
a,’ a; a3 of the equation of the n degree is n(m—1) (n-2), this — 
being the number of permutations of » things taken three — 
together. If the exponents of the roots in any term be not all — 
different, the number of terms will be reduced. Thus, Ya* By 
for a biquadratic consists of twelve terms only (see Ex. 6, p. 48), 
and not of twenty-four, since the two permutations aBy, ay 
give only one distinct term, viz., a’ Sy, in Sa’Py. The student 


- 
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acquainted with the theory of permutations will have no diffi- 
culty in effecting these reductions in any particular case. 
When two exponents of roots are equal, the number obtained 
on the supposition that they are all unequal is to be divided by 
1.2; when three become equal this number is to be divided 
by 1.2.3; and so on. In general, the number of terms in 
Sa; a;4a;" . . . of the equation of the n’ degree, each term con- 
taining m roots, and v of the indices being equal, is 


n(n—1)(n-2)...(n-m+1) 
Vee ae 


When the highest power in which any one root enters into 
the symmetric function is small, i.e., when the order of the 
function (see Art. 134) is low, the methods already illustrated 
in Art. 27 may be employed with advantage for the calculation 
of the symmetric function of the roots in terms of the co- 
efficients. 

It is important to observe that when any symmetric function 
whose degree in all the roots (i.e., its weight) is , is calculated 
in terms of the coefficients p,, p.... Yn for the equation of the 
n degree, its value for an equation of any higher degree (the 
numerical coefficients being all equal to unity) is precisely the 
same ; for it is plain that no coefficient beyond p, can enter into 
this value, and the equations of Art. 180, by means of which 
the calculation can be supposed to be made, have precisely the 
same form for an equation of the n” degree as for equations of 
all higher degrees. It is also evident that the value of the same 
symmetric function for an equation of a degree m (lower than 7) 
is obtained by putting pms, Pmizy - - » Pn all equal to zero in the 
calculated value for an equation of the n™” degree, since the 
equation of lower degree can be derived from that of the n™ by 
putting the coefficients beyond py, equal to zero; and the corre- 
sponding symmetric function reduces similarly by putting the 
TOOtS ami, Ami. - . - ay each equal to zero. 
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EXAMPLES. 


1. Calculate ai? a2a3 of the roots of the equation 
2" + pyar) + poem? te... + Ynik+ pn= 0. 
Multiply together the equations 
za. = — Pi. 


a1 a2a3 = — p3. 


In the product the term a1?a2a3 occurs only once; the term aja2a3a4 occurs . : 
times, arising from the product of a by azagza4, Of ag by aiaza4, of ag by a a 
and of as by aaga3. Hence 4 


Sai? aga3 + 4 Saiagag3a4 = P13; 


therefore 4 
Sai" a2a3 = pi ps — 4p. (Compare Ex. 6, Art. 2 


If the calculation were conducted by the method of Art. 131, we should have 
Bai? a2a3 = 58281” — 8183 — 382” + S4, 


which leads, on substituting the values of Art. 130, to the same result ; but iti 
evident that in this case the former process is much more simple, since the values of 
$1, 82, &c., introduce a number of terms which destroy one another. 

2. Calculate ai?a2* for the general equation. 

Squaring 

2a1a2 = 2, 

we have : 
Sai? ag” + 2oa:2ara3 + 6Sa1aza3 04 = p2*. 

In squaring it is evident that the term a1a2a3a4 will arise from the product « of 
ajaz by agag, or Of ara3 by aga4, or of ai as by aza3; hence the coefficient of a; a2a3 a, 
in the result is 6, since each of these occurs twice in the square. The result diffe 
from the similar equation of Ex. 8, Art. 27, only in having = before the term 
a,aza304. Hence, finally, 


Sai? a2? = po” — 2p1 ps + 2pa_ 


5. Calculate Sa:°az for the general equation. 
We have, as in Ex. 9, Art. 27, 


Sa” Sa1az = Sas? a2 + Say az az. 
Hence, employing previous results, 
Sai? ar = pi? po — 2p2* — pips + 4p. 


4. Calculate Sa1?a2*a3 for the general equation. 4 | 
The result will be the same as if the calculation were made for the equation of ofa: 


the fifth degree. 
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_ To obtain the symmetric function we multiply together Saaz and Ya;a2 a3; and 
 gonsider what types of terms, involving the five roots a1, a2, a3, a4, a5, can result. 
‘ : The term a?a2?a3 will occur only once in the product, since it can only arise by 
multiplying ajaz by aazaz. Terms of the type ai? a2a3a4 will occur, each three 
times; since a;?a2a3a4 will arise from the product of aiaz by aaza4, of aias by 
Ps aa2a4, Or Of aja4 by aiaza3; and it cannot arise in any other way. The term 
¥ @ a2.030405 will occur ten times in the product, since it will arise from the product of 
ss any pair by the other three roots, and there are ten combinations in pairs of the five 
roots. We have then, for the general equation, 


Say ag Say a2 a3 = Say? a2"a3 + 33a)? aga304 + 10 Sa aza3a4a05- 


: product of two factors, each consisting of 10 terms, will contain 100 terms. These 
are made up of the 30 terms contained in 3a1*a2°a3, along with the 20 terms con- 


[We can verify this equation when = 5, just as in Ex. 9, Art. 27; for the 
| 
| 


tained in 3a2aza304, each taken three times, and the term aiaza3asa5 taken 10 
times.) 

Thus the calculation of the required symmetric function involves that of 
 -Rayaz2a304; for which we easily find 


on 


Sai Sai azgaza4, = SarPagazga4 + 5Sa1 agazasas. 
Hence, finally, we obtain 
. e: Ba" a2" a3 = — pops + 3pi ps — 5p. 


The process of Art. 131 would involve the calculation of s5;; and many terms 
ea would be introduced through the values of s1, s2, &c., which disappear in the result. 
¥ 5. Find the value of ai? a2 a3 as for the general equation. 
oy We multiply together Saiaz and Saiaza3a4, and consider what types of terms 
o can arise involving the six roots a1, a2, a3, a4, a5, a6. The term aj a2? a3 a4 can occur 
only once. Terms of the type ai?a2a3a4a5 will each occur four times, this term 
arising from the product of aiaz by a1a3asa5, or of a1a3 by aiagasas, or of aras by 
 aiaa3a5, or of aras by aaza3ay. The term’aia2a3a,a505 will occur 15 times, this 
being the number of combinations in pairs of the six roots. Hence 


Sai a2 Sa1agag3a4 = Say” a2? a3 a4 + 4 Sar agasiasas + 15301 a2 a3 04 a5 a6. 
-—sOWe have again, for the calculation of Say*|a2 a3 04 a5, 


Sai Sajagagasas = Sar agagzgaszas + 6Sa1 a2 03 04 a5 a6. 
Hence, finally, 
Say? a2” a3 04 = po ps — 491 Ys + Ipe- 
| 6. Find the value of Sai? a2?ag? in terms of the coefficients of the general equa- 
tion. 
Here, squaring Sajaza3, we have 


Sa) a2.03 Say a2 a3 = Say? a2? a3” + 2 Say" ag? az a4 +6 Sar agagagas + 20 Sai agas3 a4 a5 ae, 


2 from which we obtain 
Say? ag” as” = ps” — 22 ps + 2pi ps — 2pe- 
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136. Brioschi’s Differential Equation.—M. Brioschi 


To prove this we have, as in Art. 182, 


1 1 1 2 
log (1+ piyt poy? +...+ pny") =— Ys - 9 V" &— ay" 8s- “sn Y" Sr ove 


and differentiating, 


y : 
ae 


is 


d 
7g, ETP + Pay? t+. + pny") =— (Lt pry t+ pry’ +. .+ Pay") 


whence, comparing the coefficients of the different powers of y, _ 


Pe _ 0, when g <1; 
der 1 dove 1 
Gy ode yr 


We can now express the result of differentiating with respeda 
to s, any function of the coefficients 


F (py Pr Psy ++ Pn). 
Since 
dp, dp» Apr 
Gs,” dtp? day 


all vanish, 


GE dp, | AE dpe AP pp 


d 
—— FF (Piy Pay Day ++ « Pn) = F— S— + not oo 
ds, dp, a8  Apru U8, dp» ds, 


and, applying the formula given above, this reduces to 


we (= dF A dF dF 
dp, Pp Apr+1 Ds Aprs. ae dpn 
By means of this result symmetric functions can often be — 
calculated with great facility, as will appear from the following 


examples :— 
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EXAMPLEs. 


1. Calculate the value of the symmetric function a)? a? a3? a4? of the roots of 


the equation 
ae + pyar lst poem? 4+... 4+ pn= 0. 


Knowing the order and weight of any symmetric function, we can write down 
the literal part of its value in terms of the coefficients. Here % is of the second 
order, and its weight is eight; hence 


== tops t tipi pi + to pe pe + t3p5 ps + ts pa, 


where fo, ¢1, ¢2, &c., are numerical coefficients to be determined. 

Terms such as p61", 591 P2, pspi®, &e., although of the right weight, are 
of too high an order, and therefore cannot enter into the expression for . Again, 
= expressed in terms of the sums of the powers of the roots is of the form 
F (82, 84, 8, 83) ; for, in general, Sai? az% a3" ..., expressed in terms of the sums of 
the powers of the roots, is made up of terms such as _ Sp, Sp,q, Spsqsry + + - Skpy s+ 
all of which are sums of even powers when 7, g, 7,... are even; therefore in this 
case none but even sums of powers enter into the expression for 3. 


ae d : : F 
Also, since cane 0, and me 0, we have, using the formula above given for a ; 
ds3 ds7 ds, 


tops + tipi pa + te ps po + ts( pops + ps) + 2ts pi ps =,0, 
topit tipi =0. 
From these equations we infer 
toot4=0, t+t3=0, tg24+%=0, 414+ 24=0; 
but ¢4 = 1, since for a quartic = p42; therefore 
$i#=-2, H=2, #=-2, &=2; 
and, substituting these values of o, t1, tz, ts, ta, 
Sas? a2” a3 a4” = 2pg — 2p7 1 + 2p6 pe — 2ps5 ps + pa’. 
2. Calculate ai?a2?a3? for the same equation. 
Ans. — 26 + 2p ps — 2p2ps + ps. (Compare Ex. 6, Art. 135.) 


3. Calculate for the same equation the symmetric function 2a? a2” as. 
Here the weight is six, and the order three ; hence 


Sai? ar? a3 = to pe + ti Yop + te Pape + tapas pi? + taps" + ts pi pops tte pr*. 
Also %, expressed in terms of 81, s2, 83, &c., is (see Art, 131), 
818283 — 8185 — 83” — 8284 + 2586. 


Now, differentiating by means of Brioschi’s equation these two values of = with 


regard to ss, and comparing differential coefficients, we have 


t 
dpe * 


Cas 


yoruadl t, = 12, 
ds¢ 6 rr . 


xX 
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Differentiating with regard to s5, we have 
tomitti pi = 55=— 5p; .°. 4 =7. 
Differentiating with regard to s4, 


top? + typi? + topo + tapi? = 482 = 4( pi? — 2po) ; 
whence 
t+t2e=-—8, titts3=4; 
and 
fg=—3, t= 4. 


Again, ¢# = 0; for § vanishes if m — 2 roots vanish. And we find % and ¢; by 
taking the particular case when » — 3 roots vanish; for in this case 
Sa3 a2? a3 = a1 a2 03 Sa1% a2 = — ps (— pi po + 3p3) = Y1 P23 — 3p3", 
and therefore 


whence, finally, 


a3 a22a3 = — 12p6 + Tp ps + 404 p2 — 3p3 pi? — 3p3" + pi Po ps. 


137. Derivation of new Symmetric Functions from 
a given one.— From any relation such as 


Ay” >) (a1, Az, 0+ An) = F(a, My Ary + An), 


where ¢ is an integral function, of the order a, of some or all of 
the roots of the equation 


n(n —1) 
1.2 


Aye” + na, a" + tr? +... + ay, = GO, 
we may derive a number of other symmetric functions and their 
equivalents in terms of the coefficients. 

For this purpose diminish each of the roots by any quantity 
az, and consequently change any coefficient a, into U; (see Art. 35). 
When this is done the original relation becomes 


A Xo (a1 - 2, Az,—X,..- a,—2) = F(U,, U,, U,, ote Ua 


and comparing the coefficients of the different powers of # on 
both sides of this equation, we have a number of symmetric 
functions of the roots expressed in terms of the coefficients as 
required. It should be observed, however, that this method leads 
to no new symmetric functions when the given function ¢ is a 
function of the differences of the roots. 
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138. Equation of Operation.—We now proceed to 
deduce an important equation of operation in the notation of 
the differential calculus, which may be applied to furnish the 
results of the last Article. 


Let As" (ai, Gz, ... Ga) = F(a, G1, Ga,» . Gn), 


as in the last Article. Adopting the notation 


7S + 
rae ae dan. 
d d 
D = & = — +... as 
sa” Oa Aad PR + na Ta, 


we have the following equation of operation :— 
Odo" (a1, aay - - - An) = DF (a, hy os tear 
To prove this, we have, as in Art. 187, 
[ao (a, -@, a2 —-%, «.. an —-#) = F (Uy, Ui, On, «. . Un) 5 
and, by Taylor’s theorem, 


9 
~ 


o(ai — &, Az—L, «-. dn — 2) = ho + 23 ho + 5 


5 Oo forse, 


where Ho = (a1, Az, -+- Gn). 
Again, omitting all powers of w higher than the first, 
FU, U,, ...Un) becomes'F (do, a) + AyX, Az + 2H, An + NAy1*"), 


or, when expanded, 


d d d 
Fy+ w(a Fo + 2 7 ce + 2On-1 in) Bt &e., 


where 


whence, comparing coefficients of # in both expansions, we find 
the equation above written, viz., 
a7 (a1, A2, eee an) = DF (a, Ai, eve An). 


This equation shows that if a symmetric function be derived 
from ¢ by the operation 6, its value in terms of the coefficients 
x2 
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may be derived from the corresponding value of ¢ by the opera- 
tion D. 

Again, since 6¢ and DF may take the place of ¢ and F in 
this equation, a,76’¢ becomes D?F, &. It may be noticed, 
moreover, that if 6%. vanishes, 6’, 6°, &e., all vanish; and 
thus that x disappears in the expansion of 


b(a:— &, az — %, 4+ an — 2). 


Now this can happen only when ¢ is a function of the 
differences of a1, a2, .... a,3 Whence we conclude that if 
Ao 7 F (do, iy Moy». + Mp) is the value in terms of the coefficients 
of a function of the differences of the roots, then 


DF (ao) Giy A2y » » » An) 


vanishes identically. 

This identical relation is often sufficient to determine the 
numerical coefficients in a function of the differences expressed 
by the coefficients, when the order and weight are known. It 
is not sufficient for this purpose when there exist more than one 
function of the differences of the required order and weight. 
We add examples of functions of the differences determined in 
this way. 


EXAMPLES. 


1. Determine a function of the differences whose order and weight are both 
three. 
Assume > = Aa? a3 + Baya az + Cas, 


these being the only three terms which satisfy the required conditions. It is 
evident from the form of D that the operation is performed by applying to the suffix 
of any coefficient a, the same process as in ordinary differentiation is applied to the 
index. Thus Da,=ray-1, and therefore 


Do = (8A + B) ao? ag + (2B + 80) a1? a9 = 0. 


Hence 
34+B=0, and 2B4+3C=0; 


and putting A = 1, we have 
B=-3, and C=2; 


whence, finally, 
b = ao" a3 — 8a9% 04 + 2a = G, (See Art. 36.) 


7 
j 
7 
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2. Determine a function of the differences whose degree in the coefficients is 
four, and whose weight is six. 
Assume 


= Aao* a3” + Bagag® + Ca3ay> + Day a2? + Ea ay aea3 
’ 


whence 
= (6.4 L E) ao? a2. a3 + (6B + 3#+ 2D) Ay A, Ag” + (80 + 4D) ay3 ag 


+ (30+ 2E) ao a" ag = 0. 


Now let 4=1, whence Z = — 6; also 30 + 2H = 0, giving C = 4; and 
30+4D=0, giving D=-— 3; and from 6B+3#+ 2D=0, wehave finally B=4. 


Hence 
= a" a3” + 409 428 + 403013 — 3a;* a2” — bapa) a2 43. 


Compare Art. 42, where the value of ¢ is given in terms of the roots. 


139. Operation involving the Sums of the Powers of 
the Roots. Theorem.—lIi 


p (ai, zy Az, «+ - a») = F's, Soy S39 0 +s 8) (1) 


be any equation connecting a function of the sums of the powers 
with another symmetric function of the roots, we have then the 
differential equation 


dp do dp _ dF ak dF ; ak 
ag rm ee ai re a 


For, let the roots be increased by 2; and comparing the 
coefficients of 2 on both sides of the equation (1), when 


8 + A8o 8 + ZhA8, os Sp + TA Sy, 


are substituted for s:, s., ... s,-, we have the required relation. 

Employing the results of the last Article, we have, therefore, 
the following equation of operation connecting the coefficients 
and the sums of the powers of the roots :— 


d d d d 
-D=ar(s CE aga PO gan i) Dn 


where D, represents the result of substituting s for a in the 
operator D. 
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From this it follows that if f(a, a, d2,... d,) is a function 
of the differences, f(s, 5, 82... S,) is a function of the diffe- 
rences also; for it is plain that when Df (a, a, a2, ... dn) = 0, 
Ds f (8) 81) 82) +» » 8) = 0, and therefore D/(s, 8, 8, ... 8) = 0; 
since D,= — aD. 


Ex. 1. a aq — 4a,a3+ 3a22= I is a function of the differences, whence 
£954 — 48183 + 380? is also a function of the differences. 


ix. 2. | do dy as: | 8% 8, 8 
a a a3 | = J, when similarly transformed, gives | s1 s2 83 |, 
a2 as & & 83 


which is therefore a function of the differences. 


MIscELLANEOUS EXAMPLES. 


1. Prove, by squaring the determinant of Example 10, Art. 112, the following 
relation between the roots a, B, y, 5, of the biquadratic :— 


80 §1 82 §3 
8] 82 §3 84 


= (84)? (a8)? (y— a)® (8-8)? (a—B)*(y—8)°. 


82 83 84 85 


83 S4 85 56 


The student will have no difficulty in writing down for an equation of any de- 
gree the corresponding determinant in terms of the sums of the powers of the roots 
which is equal to the product of the squares of the differences. 


2. Prove, for the general equation, 


So §] 


| = 3(a — 8)”. 


Ss] §2 


This appears by squaring the array 


(See Art. 123.) 


—" 
— 
— 
— 
_ 
Pin te 


Miscellaneous Examples. 


3. Prove similarly, for the general equation, 


80 81 $2 
8} 82 83 
s2 $3 84 


= 3 (B— 7)? (y— a)? (a— 8)”. 
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By the process of Art. 123, a series of relations of this kind can be established ; 
and when the number of rows in the array becomes equal to the degree of the 
equation, the value of the determinant is the product of the squares of the differences, 
When the number of rows exceeds the degree of the equation the 
For example, the value of the 


as in Ex. 1. 


value of the corresponding determinant vanishes. 


determinant of Ex. 1 is zero for equations of the second and third degrees. 
4. Prove, by means of the equations of Art. 130, that the sums of the powers 
can be expressed in terms of the coefficients, or vice versd, in the form of determi- 


nants, as follows :— 


Pi 

$2 = 
2p2 
$1} 

2 p2= 
82 


Pi 

1 
y Soe 2p2 

Pi 
3p3 
81 

1 
» Sys=—| 82 

$1 
83 


$1 


82 


0 
2 


$1 


5. Resolve into factors the determinant 


56 


85 


84 


$3 


y 


85 
54 
83 
82 


y 


$4 
$3 
$2 
$1 


y 


? 4 = 
, 24p4= 
83 x 
$2 x 
Ss] x 
80 1 
1 0 


Pi 
2pe 
3p3 


4p 


83 


$4 


82 


83 


Pr 


p2 


$1 


82 


0 
0 
1 


Pi 


S] 


where 89, 81, 82, &c., are the sums of the powers of three quantities, a, B, 7 


This determinant is the product of the two determinants 


a? 
a” 
a 


1 
0 


B® 7 rd 
By a 
ee Sole 2 
1 1 1 
0 | 0 0 


0 
0 
0 
0 
1 


| 
| 


a3 
a 
a 


1 
0 


B3 
BR? 
B 
1 
0 


y 


y 


fet 


Oo 


and each of the latter can be resolved into simple factors. 


, &e. 


, &e. 
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6. Prove, for the general equation, 


So $1 82 83 
$1 & $3 84 
= 3 (8 —y)*(y—a)?(a— 8)? (w — a) (v—B) (4-7). 
82 83 S84 85 
1 x x? x3 


Multiplying the two arrays 


1 1 oa L—-a x—B Y—- ys 4 
a B >. ? a(x — a) B (x — B) 72-9) 64 ’ 
ee ayy ae e(e-a) Piz-f) y(e-—y¥) 4 


we show that = is equal to 


89H — 8] 81% — 82g 82% — 83 
$1 2% — So $2% — 83 83% — S84 ’ 
82% — 83 83% — S4 842% — S85 


which is easily transformed into the proposed determinant. 

It appears in like manner in general that the determinant of similar form of 
order y + 1 is equal to the corresponding symmetric function, each of whose terms 
contains y factors of the original equation multiplied by the product of the squared 
differences of the p roots involved therein. 

7. Prove that the leading coefficients of Sturm’s functions (i.e. f(x), f’(), and 
the n — 1 remainders) differ by positive factors only from the following series of 
determinants :— 


oo: 8] €2 83 
So Sy 8 $1 82 83 8&4 
So §] ry ee) ee S82 83 S84 85 
80, 8; 8 |, 82 83 84 |, og. Og Oh 8G | 5.4 0 3% (80 8284 te San-2). 


Representing Sturm’s remainders by Rez, Rs, ... Rj, ... Rn, and the successive 
quotients by Qi, Q2, Qs, &c., we have (see Art. 89) 
Rz = Qf’ (x) - f(z), 
Rs = QR - f'(e) = (GQ —1)f'(e)- &S (a), 
Ry = Q3 3 — Re = (Qi Q2 Qs — Qi — Qs) f’(x) — (Q2 Qs — 1) f(x), &e. 
Proceeding in this manner, we observe that any remainder 2; can be expressed 
in the form 
Rj = Aj f’ (x) — Bf (2). (1) 
The degree of R; ism — 7; and since Qi, Qe, &c., are all of the first degree in #, 
it appears that the degrees of 4; and B; are y — 1 andy — 2, respectively. 
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Assuming, therefore, for 2; and 4; the forms 
Re=rot rie t+ ree? + .... + 7n gerd, 
Ay =DAOFAIL+A2e? +.... 4 A057; 
and substituting in (1) any root a of the equation f(x) = 0, we have 
rotniatrea+...+ taj ard 
S'(@) : 
Multiplying by a, a”, .. . a/-*, aJ-!, in succession ; making similar substitutions 
of the other roots; and adding the equations thus derived, we obtain by aid of the 
relations of Ex. 4, p. 296, the following system of equations :— 


Ao $F Ala t+ Aga®+...+Ajra71= 


Aoso + Aisi + «~~ + Aj-2 8-2 + Aj-1 5-1 = 9, 
Aos1 + AlS2 +... FA2H-1+A-15 =, 


Ao 8-2 + A1Sj-1 +... + Aj-z S2j-4 + Aj_1 Szj-3 = 0, 
Aosj-1 + Als; +... HF Aj-2 82j-3 + Aj-1 825-2 = Tn-j- 
From these equations we have, without difficulty, 


| So St 66. SQ S-1 
of SE 8.60. G4 

ey Sete ee 2005 ats 
fd ey eee ee ae 
Ynj = Vi ’ 4; = i ° ° . . . . . ’ 


Sj_-2 Sj-1 2 + . 82j_4 S9j-3 
Sj-1 Sj . - « 82j-2 


SF Ba 
the value of 7; being so far arbitrary. It appears therefore that the coefficient of 
the highest power of x in 2; differs by this multiplier only from the determinant 
(808284... . 8g-2). We proceed to show that the sign of y; is positive. For this 
purpose we make use of the following relation connecting the successive values of 
the functions & and 4 :— 
As Re — Riv Ax = f(z). (2) 
To prove this; substituting for Rx: Rx, Rx-+ their values in terms of A and B 
in the relation Riss = Qz Ri — Rz-1, we derive 
Aig = Qi Anr— Ana, Bin = Qe Bi — Bia; 
by aid of which we readily obtain the following relations connecting the successive 
functions :— 
Ans By — Ax Bin = Ap Bir — Ati Be=...= Ai Bo—- Ao Bi =—-1, 
Ak Ri — Ax Rey = Ap Re-1 — Ani Re=... = Ai Ry — Ao hi=f(z2), 
in which Ry = f'(z), Ro = f(z). 
Now, comparing the coefficients of the highest powers of x in (2) ; observing that 
x” occurs only in -4x,1 Rx, and making use of the determinant forms above obtained, 


we have 
Vk+1 (So 8284...» Soko) Yk (8 8984... 82k-2) =, 


Vk Vk+ = (So 8254... ~ S2k-2)7*. 
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Also, calculating the value of R2 in the ordinary manner, we easily find 


me me | 
whence it is seen that the value of +2 is xa 
0 


It follows, from the relation just established between any two successive values. 
of y, that y3, 74, .-- yj, &c., are all positive squares; and therefore, finally, that 
Yn-j, the coefficient of the highest power of z in Rj, has the same sign as the deter- 
minant (8 52 84 . . . 89-2). 

It may be observed that by aid of the preceding example the value of the quotient 
of A; by yj may be written as a symmetric function involving the roots and the —_ 
variable. For example, when j = 4, we have 


<= 3(B—4)* (y— a)*(a— 8)? (e—a) (xB) (2-7). 4 
8. Determine 91, ¢2, ... $j, ... ¢p from the equations 


pi + h2 ap -++ + Dp => T». 
$191 + $202 + ~-- +hp0 =7T;; 
$101? + 2027+ 1... + p0p? = Ta, 


$1 0,P7} + 2 02?-1 + eet - Pp Op?) = y 


Ans, 9; is given as a function of the (p — 1) degree in 0; by the equation 


ee craig Fe S ceee ee tt ee ees Cora rae ft eee Bo EE a sip ape AT RS en anaes A ar ee 


, 2 p-l 
80 S] oy a To 
8] $2 tee ° Sp Ti = 0, 
Sp-1 Sp Sp41 . . 82p-2 T p-1 


where sx% = 0;* + O04 + OsF ++ ...4+ Oy*. 


9. If a, B,y, 8 be the roots of the equation 


aox* + 4a, 2° + 6agxz? + 4a3%7 + a,=0, 
calculate in terms of a, H, J, J the value of the symmetric function 
ao® & (8a— B—y—5)* (8B —y—8— a)? (By —5-—a— 8)’. 


Here ao® S = 4° Sz)? 20? 257, 


where 21, 22, 23, 24 are the roots of the equation 
e+ 6H + 4424+ al —- 3H?=0. (See Art. 37.) 


Hence, by Ex. 2, Art. 136, 
Ans. 4"{- 7H3 + a? HI — 4ae°J}. 
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10. Prove that 
TI = ao°(B — 7) (y — a)? (a — B)* (a — 8)? (8 — 8)? (y — 8)? =103 + mJ*, 
where m = — 271. 


The weight of this function of the roots is 12, and the order 6. 

We now make use of a proposition which will be proved subsequently, namely, 
that any even, rational, and integral symmetric function of the roots, of the order @, 
and involving the differences only of the roots, is, when multiplied by ao, a rational 
and integral function of ao, H, J, J. (Compare Ex. 17, p. 124.) 

Hence, expressing the function whose order is 6, and weight 12, in terms of 
a, H, J, J, it is easy to see from the table 


Order. Weight. 


J 3 6 
I 2 4 
Ri 4 2 2 


that H cannot enter, for the terms of the sixth order containing H, viz., H°, H*J, HI’, 
have not the proper weight. Therefore II must be of the form 


UI? + mJ, 


_ where Z and m are numerical coefficients. 
Now put a3 and ag equal to zero, and M1 will vanish, since in that case the 
quartic will have equal roots; hence, employing the reduced values of J and J, 


0 = 1(3ag*)? + m(— ag’), 

and m = — 271. 

11, Calculate the symmetric function of the roots of a biquadratic 

%(B — 7)" (y — a)? (a — B)?. 

Since the order of this symmetric function is four, and its weight six, we may 

assume 
ag (8 — 7)? (y — a)? (a — 8)? = HI + mad. (1) 

The values of 7 and m may be found by putting a3 = 0, a4 = 0, as in the pre- 
ceding example, and calculating the value of the reduced symmetric function (when 
y=0, 5=0) in terms of the coefficients of the quadratic equation 


aou + 4a, % + 6ae = 0. 


Identifying then this value with the reduced value of 7HZ + maoJ, we obtain two 
simple equations to determine 7 and m. Or we may proceed as follows by taking 
two biquadratics whose roots are known, and calculating in each case the sym- 
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metric function by actually substituting the roots, and then comparing both sides 
of the equation when H, J, J are replaced by their values calculated from the 
numerical coefficients. 

First we take the biquadratic equation 6x4 — 62? = 0, whose roots are 0, 0, 1, —1; 
whence 


4-8 He«6, In3, Jel. 
Substituting in equation (1), we have 


1728 =— 31+ m. 
Proceeding in the same way with the biquadratic equation 


at —622+5=0, whose roots are + 6/5, +1, 


we find 
£108 2, fe 8 ee 
whence 
— 192 = 21+ m, 
and 
J=-—-2x192, m=3 x 192; 
and, finally, 


aot S = 192 (- 2HI + 3a0J). 


12. Calculate the determinant 


So S] $2 
A= S| S2 83 
$2 83 S4 


in terms of the coefficients of a quartic. 

This determinant is a function of the differences of the roots (see Ex. 2, Art. 139); 
we may therefore remove the second term of the quartic before calculating it ; and 
if the equation so transformed be 


y+ + Poy? + Psy + Ps = 0, 
4 0 — 2P, 
Ae| 0 =2%) ~— SP, = 418P,P, — 2P,3 — 9P3?}; 
—2P2, —3P3 2P2?—4P4 
but ao’ P2=6H, a°P3=4G4, ath =a,el — 3H’. 
Substituting for P2, Ps, Py these values, we have 
aot A = 192 (— 2HI + 3aoJ): 


the same result as in the preceding example. (Compare Ex. 3, p. 311.) 
13. If a, B, y, 5 be the roots of the equation 


aga* + 4a, 23 + Gaga? + 4a34% 4+ a4 = 0, 
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express H;, Is, Js, Gs of the equation 


8ox* + 48,29 + 6sqx? + 4834 + 44 = 3 (x + a)*=0 
intermsof 4H, J, J, G. 


and by the aid of the relations 
444M =a?(HI-aJ), Ge+4H8 = 3° (HI: — 80J;), 
192 
Js= = (3a0T — 2H1). 
“14, When » is even, prove that 


& (a1 — a2)? = $0 8p — ps1 Sp-1 + FP (p —1) 825p2— &e. 


Since 
pa 142:2-1 2 
=(% — a)P=nxP — psy er *+ 5 82 UP? — &e. . 2. —pSp14 + Sp, 
changing 7 into ai, a2, a3,-.. an, in succession, and adding the results on both 
sides of the equations thus obtained, we find 
-p-l 
23 (a1 — a2)? = 80 8p — 81 Sp_1 + f 2 82 Sp.2 — «. » — P81 Sp-1 + 80 Sp, 


where all the terms on the right side of this equation are repeated except the middle 
term. Thus 


(a1 — a2)* = 8984 — 481 83 + 3522, (Compare Ex. 1, Art. 139.) 
S (a1 — a2)® = 898g — 681 85 + 158284—10832, &e. 


15. Form the equation whose roots are 9'(a), $’(8), ¢’(y), ¢'(5), where 
a, B, y, 5 are the roots of the equation : 


p(x) = aga* + 4a, x? + Caz x? + 4a3% 4+ a4 = 0. 


324 96(2HI —3aJ) 


256 (I? — 277? 
Ans. pt + —- g's + en ( 7 ) 
0 


ao® 


= 0. 


~” 
16. If (a — B)? (8 — 7)? (y — a)? (uw — 3), 
when expanded, becomes 


Kow + 4K + 6K, 0?+4K3a¢+ Ki; 


¢ 


aot 


prove that 


Ko aby + Ki (By + ya+ a) + Ka(a+B+y)+ Ks _+ 164/A 
(B — y) (y — a) (a — B) a” 


A= 2 —- 2772. 


where 


17. Prove that 


ao (B + y — a — 8)2(B — 7)? (a — 8)? = 192 (3a J — 2H). 
18, Prove that 


a® S (B+ y —a—)*(B — y)? (a — 8)2= 512 (ap? Ll? — 86a HJ + 12H*Z). 


CHAPTER XIII. 


ELIMINATION. 


140. Definitions.—Being given a system of n equations, 
homogeneous between » variables, or non-homogeneous between 
n —1 variables, if we combine these equations in such a manner 
as to eliminate the variables, and obtain an equation R = 0, 
containing only the coefficients of the equations; the quantity 
R is, when expressed in a rational and integral form, called their 
Resultant or Eliminant. 

In what follows we shall be chiefly concerned with the dis- 
cussion of two equations involving one unknown quantity only. 
In this case the equation R = 0 asserts that the two equations 
are consistent; that is, they are both satisfied by a common 
value of the variable. We now proceed to show how the 
elimination may be performed so as to obtain the quantity R, 
illustrating the different methods by simple examples. 

Let it be required to eliminate x between the equations 


a+ 2be+c=0, d2’?+ 20'e%+c¢=0. 


Solving these equations, and equating the values of x so 
obtained, the result of elimination appears in the irrational form 


rT eee , TE 
b vb ac ee ee, 


a a a a 


Multiplying by aa’ we obtain 
al’ — db =a/b?-ade - afb ac. 
Squaring both sides, and dividing by aa’ (for R does not 
vanish when aa’ vanishes), and then squaring again, we find 
R = 4 (ae - 0°) (a’e’ - 6”) - (ae + ae — 200’). 
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This method of forming the resultant is very limited in ap- 
plication, as it is not, in general, possible to express by an 
algebraic formula a root of an equation higher than the fourth 
degree. Other methods have consequently been devised for 
determining the resultant without first solving the equations. 
We now proceed to explain the method of elimination by sym- 
metric functions of the roots of the equations. 

141. Elimination by Symmetric Functions.— Let two 
algebraic equations of the m‘” and n™ degrees be 


b (x) = dou + a0" + ae”? +... + dm = 0, 
W (a) = doa” + ba" + b,a"* +... 4+ bn = 0; 


and let it be required to find the condition that these equations 
should have a common root. For this purpose let the roots of 
the equation ¢(#) = UV be ai, a2,... am. If the given equations 
have a common root it is necessary and sufficient that one of the 
quantities 


P(r), Pla), .--, (am) 
should be zero, or, in other words, that the product 


b(ar) P(a2) (as)... bam) 
should vanish. If, now, we transform this product into a rational 
and integral function of the coefficients, which is always possible 
as it is a symmetric function of the roots of the equation ¢ (x) = 0, 
we shall have the resultant required. Further, if (31, B.,... 6B» 
be the roots of the equation y (x) = 0, we have 


(a1) = bo(ar — Bi) (ar— Bs)... (ar — Br), 
(a2) = bo(a2 — 31) (a2 — Bz) --- (a2 — Br), 


W (am) = Bo (am — (31) (am — 32) «++ (am — Bn)- 


If we change the signs of the mn factors, and multiply these 
equations, taking together the factors which are situated in the 
same column, we find 


ao” (as) P (az) «-- Y(am) = (- 1)" 0" 9 (Bi) @ (Bs) «+» 6 (Bn)- 
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We may therefore take 
B= (—1)"™ bop (1) (2) «++ @ (Bn)=ao" (ar) Y (a2)... b (am), (1) 


for both these values of # are integral functions of the coef- 
ficients of ¢(v) and (x), which vanish only when ¢ (z) and 
(x) have a common factor, and which become identical when 
they are expressed in terms of the coefficients. 

142. Properties of the Resultant.—(1). The order of 
the resultant of two equations in the coefficients is equal to the sum 
of the degrees of the equations, the coefficients of the first equation 
entering It in the degree of the second, and the coefficients of the 
second entering in the degree of the first. 

This appears by reviewing the two forms of R in (1), 
Art. 141; for in the first form a, a,... am enter in the ni 
degree, and in the second form &, d,... 6, enter in the m* 
degree. Also it may be seen that two terms, one selected from 
each form, are (-1)""d." a," and a," b,™. 

(2). If the roots of both equations be multiplied by the same 
quantity p, the resultant is multiplied by p™. 

This is evident, since any one of the mn factors of the form 
ay — (3, becomes p (ay — /3,), and therefore p”” divides the result- 
ant. From this we may conclude that the weight of the resultant 
is mn, in which form this proposition is often stated. 

(3). If the roots of both equations be increased by the same 
quantity, the resultant of the equations so transformed is equal to 
the resultant of the original equations. 

For we have 

+ BR = ao"b,” II (ap — Ba), 
where II signifies the continued product of the mn terms of the 
form ay — 8,; and this is unaltered when a, and (3, receive the 
same increment. 

(4). Lf the roots be changed into their reciprocals, the value of 
LR obtained from the transformed equations remains unaltered, except 
in sign when mn is an odd number. 

Making this transformation in 


Fe = ao" bo” TY (ap = Bq); 
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we have B 
/_ i» nh m(_1\mn I xe a) ‘ 
fi oe bn ( ~ (aia2. ee re ei (3:2 cee C5 eat 
but 
Am bn 
ayaz. +. dm = (- 1)", Bi Bz... Bn = (- 3 


substituting, we obtain 
yi 4 = A” Pan (- ine Il (ay 50 Bq) a (- Dat <2 


From this it follows that in the resultant of two equations 
the coefficients with complementary suffixes of both equations, 
€.2. Aoy Um 3 My Ama, &e., may be all interchanged without alter- 
ing the value of the resultant. 

(5). If both equations be transformed by homographic transfor- 
mation ; that is, by substituting for x 

Aw + U3 
and each simple factor multiplied by \’x +p’, to render the new 
equations integral; then the new resultant R’ = (Ap — N'u)™"R. 

To prove this, we have 


¢ (x) = Ay (x _ a;) (a — az) eee (x _ nee a 
P (2) = bo(@ — 1) (w- Bx)... (@ — Bn); 


also 


x —a, becomes (A — X’a,) ( _ Fo = 


e-Br Q-xB)(2 - Eo) 
Multiplying together all the factors of each equation, 
a becomes a(A — AX’ax)(A — Naz) ... (A — Nam), 
eo bo (A —A’Bi) (A — A’Bz) ... (A — A’B,)- 


way - be Br - 
Me AG? Xan 
(Au! — N’u) (ar — Br) | 
ew Am = NGS) 

Y 


Also, since a;, 8, are transformed into 


a, — 3, becomes 
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whence 
ac” bo" TI (ar — Br) becomes ay” bo” (Ap! — Xu)” I (ay — B,), 
that is, the resultant calculated from the new forms of ¢ (x) and 


~p (a) is e 
(dp’ — Nn) ™"R. 


This proposition includes the three foregoing ; and they are 
collectively equivalent to the present proposition. 

143. Euler’s Method of Elimination.—When two 
equations ¢(x) = 0, and (x) = 0, of the m” and un degrees 
respectively, have any common root 0, we may assume 


$(0) = (@- 8) p.(@), 
Y(2) = (@ - 8) (2), 


gi (x) = pia" + prow +... + Dy 


where 


vile) = qa" + gaa”? +... + Oy 


the coefficients being undetermined constants depending on 6. 
Whence we have 


$(2) th (z) = ¥(2) pile), 


an identical equation of the (m+n-1)"degree. Now, equating 
the coefficients of the different powers of x on both sides of the 
equation, we have m+ homogeneous equations of the first 
degree in the m + » constants P,, Pry ..- Pmy Vy J +++ Qn3 and 
eliminating these constants by the method of Art. 125, we 
obtain the resultant of the two given equations in the form of 


a determinant. 


EXAMPLE. 
Suppose the two equations 
av+be+e=0, ma?+b%474+4=0 
to have a common root. We have identically 
(1% + G2) (ax? + ba + ¢) = (pitt pr)(ai2* + b)% +0), 
- - (gia — pias) a3 + (916+ g2a— pribi — pam) x? 
+(g1¢+ 926 — pei — p2bi)% + q2e — poe, = 0. 
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Equating to zero all the coefficients of this equation, we have the four homo- 
geneous equations 


qi@ — Pia = 0, 
gb + g2a — pid) — pom = 0, ® 
gi¢+ qb —pici — prob; = 0, 
g2e — poe, = 0; 
and eliminating the constants pi, y2, 91, 92, we obtain the resultant as follows : 
a 0 a 0 
b a by a) 
c b C1 by 


0 c 0 C7} 


The student can easily verify that this result is the same as that of Art. 140. 


144. Sylvester’s Dialytic Method of Elimination.— 
This method leads to the same determinants for resultants as 
the method of Kuler just explained; but it has an advantage 
over Euler’s method in point of generality, since it can often be 
applied to form the resultant of equations involving several 
variables. 

Suppose we require the resultant of the two equations 


h (x) = aoa™ + aa + aga? +. 0. + dm = 0, 
W (aw) = doa” + ba") + da"? +...4+ by =), 
we multiply the first by the successive powers of «, 


a a 2 qne 
OO gsc By Ow 
and the second by 


m-1 m—-2 2 0 


thus obtaining m+n equations, the highest power of « being 


m+n-—1. We have, consequently, equations enough from 
which to eliminate 


mtn-1 m+n—-2 2 
x > 4 > . . . £ 9 av, 


considered as distinct variables. 
x¥2 
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EXAMPLE. 


In the case of two quadratic equations 
av? +be4+e=0, m2+hx4+e,=0, 
we have 
axe + bx? + cx = 0, 
ax? + ber +e=0, 
a0 + b)2? + 2% = 0, 


a2 +he4+¢e,=0; 


from which, eliminating x*, x?, x, we get the same determinant as before, columns 
now replacing rows: 
a b C 0 


0 a b Cc 


ay by C1 0 


0 a by Cl 


145, Bezout’s Method of Elimination.—The general 
method will be most easily comprehended by applying it in the 
first instance to particular cases. We proceed to this applica- 
tion—(1) when the equations are of the same degree, and (2) 
when they are of different degrees. 

(1). Let us take the two cubic equations 


axve+ be +cr+d=0, 2° + be? +¢44+d,=0. 
Multiplying these two equations successively by 
a sn0. a, 
Hero, ae + 6, 
ae+het+a , av+t+brr+e, 


and subtracting each time the products so formed, we find the 
three following equations :— 


(ab,) a” +(ac)2 + (ad,)=0, 
(ac,)a” + {(ad,) + (be:)}x + (bd,) = 0, 
(ad,) a + (bd,)e + (cd,) = 0. 
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By eliminating from these equations 2°, x, as distinct 
variables, the resultant is obtained in the form of a symmetrical 
determinant as follows :— 


(ab,) (ac1) (ad) 
(ac:) (ad,) + (be:) (bd) 
(ad;) (bch) (cd) 


To render the law of formation of the resultant more ap- 
parent, the following mode of procedure is given :— 
Let the two equations be 


axt + ba + cx +dx +e =0, 
aget+be+eqa+de+e=0; 


whence, following Cauchy’s mode of presenting Bezout’s method, 
we have the system of equations 


a bx? + ca’? + de+e 
aH b, 2° + C2" + a,x ey 


ax+b ce? ++ dx +e 
Ga +b. 62° +.0,¢ + ey 


ax’ + be+e dz+e 
ae+thet+e dete’ 


ax’? + ba? +cx+d 
a,2° + ba? +¢c,27 + d, 


e 
ne 


which, when rendered integral, lead, on the elimination of 
2°, x, x, to the following form for the resultant :— 


(ab,) (ac;) (ad;) (dex) 
(ac,) (ad,) + (ber) (ae:) + (bd:) (641) 
(ad;) (ae:) +(bd:) (be) + (ed,) (ees) 
(a¢1) (de) (ce) (dex) 
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If, now, we consider the two symmetrical determinants, 


(ab,) (ac,) (ad,) (ae) | 
(ac:) (ad;) (ae) (be) 

(ad,;) (ae,) (be) (ce) 
(ae) (be) (ce) (de) 


the formation of which is at once apparent, we observe that R 
is obtained by adding the constituents of the second to the four 
central constituents of the first. 

Similarly in the case of the two equations of the fifth degree 


(be:) (bd) 
| (bd,)  (ed;) 


ace + be +c +d’ +exr+f=0, 
av + batt oat dwteaet+f,= 0, 


the resultant is obtained from the three following determi- 
nants :— ; 


(ab,) (aes) (ads) (ae,) (af) 
(ae:) (adi) (aes) ) |. 

(ad:) (ae) (afr) (81) (A) |, | (bai) (ber) (ces) |» (oh), 
(ae) (4) (A) (A) (&H) 
(af) (8) (A) (HA) (A) 
by adding the constituents of the second to the nine central 
constituents of the first, and then adding the third to the central 
constituent of the determinant so formed. ‘The student will 
have no difficulty in applying a similar process of superposition 
to the formation of the determinant in general. 


(2.) We take now the case of two equations of different 
dimensions, for example, 


ant + be +c? +dxat+e=0, azv’t+dat+e¢=0. 
Multiplying these equations successively by 


a and az’, 
1 


het, 5 (ae+ d)e’, 
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and subtracting each time the products so formed, we find the 
two following equations :— 


(ab,)x* + (ac,)x* — daw - ea, = 0, 
(ac,)a* + {(be,) — da,}x? — {db, + ea}x — eb, = 0. 
If, now, we join to these the two equations 
ae + ba + ¢% = 0, 
ae’+bhat+e =)0, 


we shall have four equations by means of which 2°, a’, w can be 
eliminated ; whence we obtain the resultant in the form of a 
determinant as follows :— 


(ab,) (ac) da, ea, 
(ac:) (be,)-da, dbi+em eb, 
ay b; -—( 0 

0 ay —b, -¢ 


This determinant involves the coefficients of the first equa- 
tion in the second degree, and the coefficients of the second 
equation in the fourth degree, as it should do; whence no 
extraneous factor enters this form of the resultant. 

We now proceed to the general case of two equations of the 
m” and n™ degrees. 

Let the equations be 


p(w) = aga™ + ae") + av? +... + Om = 0, 
W(x) = doa” + da"? + ba"? +...4+ 5, = 9, 


where m >; and let the second equation be multiplied by #””. 
We have then 


ba" + ba" + ba * 4+... + ba = 0, 


an equation of the same degree as the first. This equation has, 
however, in addition to the » roots of ~(x) =0, m-—n zero roots ; 
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so that we must be on our guard lest the factor a," (i.e. the 
result of substituting these roots in ¢(#)) enter the form of the 
resultant obtained. From these two equations we derive, as in 
the above case—(1) the following » equations :— 


b, ba aE ba? + eee = b,a" 


Ayv+ a ag + ag +... + Um 


OC + a+ 1 On gt + Oa +... te 
Le + ba? + oe 8: e ae b.; YT eid : 


which, when rendered integral, are all of the (m - 1) degree ; 
whence, eliminating 2”, a”, ...a as independent quantities 
between these 7 and the m — n equations, 


Ce Oe 4 Oe +. = 0, 


Oo bit te = (); 


we obtain the resultant in the form of a determinant of the m*” 
order, the coefficients of the first equation entering in the degree ~ 
mn, and the coefficients of the second equation entering in the 
degree m; whence it appears that no extraneous factor can enter ; 
and that the resultant as obtained by this method has not been 
affected by the introduction of the zero roots. 

If & be the resultant of two equations, ¢ (7) = 0, Y (a) = 0, 
whose degrees are both equal to m, the resultant R’ of the 
system 


Ag (7) + wh (x) = 0, Ap () + wp (2) = 0 
(Api — Nin)" & 


is 


for each of the minors (a, 6;), which in Bezout’s method con- 
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stitute the determinant form of R, becomes in this case 


day + pdr, Nay + pb, 
= (Au’— Xu) (ar bs) 5 
Ads + bs, Nas + pbs 
whence R= (Ay - Nu)” Rk, since RL is a determinant of 
order m. 

146. We conclude the subject of Elimination mathe an ac- 
count of a method which is often employed, but which has the 
disadvantage, when applied to equations of higher degree than 
the second, of giving the resultant multiplied by extraneous 
factors. The process about to be explained is virtually equiva- 
lent to that usually described as the method of the greatest 
common measure. 

In forming by this method the resultant of the two quadratic 
equations 

aet+bat+c=0, ae’+dbx+e,=)0, 
we multiply these equations successively by 
a, and a, CGE 6; 


and subtract the products so formed. We thus find the two 
linear equations 
(ab,)@ + (ac) = 
(ac,) x + (be) = 0 
from which, eliminating x, we have 
(ac,)’ ca (ab,) (be,) re 0 
As the degree of this expression is four, and its weight four, 
it can contain no extraneous factor, and is a correct form for the 
resultant. 
To form by the same process the resultant of the cubic 
equations 
av+ bv? +cr+d=0, mae+d2e?+eau7+d,=9, 


we multiply these equations successively by a, and a, d, and d, 
and subtract each time the products so formed. We have then 
(ab;)x* + (ac,)@ + (ad,) = 0, 


(1) 
(ad,) xv + (bd,)w + (ed) = 0. 
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Now, eliminating w between these two quadratics by means 
of the formula above obtained, we find for their resultant 


(ab,) (ad,) (ab,) (ae) (ac) (ad,) : 
(ads) (ed) (ad,) (bd) | | (bh) (et) | 


an expression whose degree is 8 and weight 12, in place of de- 
gree 6 and weight 9; whence it appears that it ought to be di- 
visible by a factor whose degree is 2 and weight 3. This factor 
must therefore be of the form /(bc,) + m(ad,). We proceed 
now to show that it is (ad,) ; and to find the quotient when this 
factor is removed. 


For this purpose, retaining only the terms which do not 
directly involve (ad:), we have 


(bx) (ed) { (abs) (eds) + (can) (60h) }, 
which is divisible by (ad), since 
(be,) (ad;) + (ca,) (bd;) + (ab,) (ed,) = 0. 


Expanding the determinants, and dividing off by (adi), we 
find ultimately the quotient 


(ad,)* — 2 (ab,) (eds) (adi) + (bch) (car) (adh) 
+ (ca)? (cd;) + (ab,) (bd,)* — (ab,) (be,) (ed), 


2 


x 


which, being of the proper degree and weight, is the resultant. 
If we proceed in a similar manner to form the resultant of 
two biquadratic equations, by reducing the process to an elimi- 
nation between two cubic equations, we shall have to remove an 
extraneous factor of the fourth degree, which is the condition 
that these cubics should have a common factor when the biquad- 
ratics from which they are derived have not necessarily a com- 
mon factor; and in general, if we seek by this method the 
resultant of two equations of the n™ degree, eliminating between 
two equations of the (n — 1) degree, we shall have to remove 
an extraneous factor of the order 2n —4. This method there- 
fore is inferior to all the preceding methods; and it cannot be 
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conveniently used except when, from the nature of the investi- 
gation, extraneous factors can be easily removed. 


147. Discriminants.—The discriminant of an equation in- 
volving a single variable is the simplest function of the coeffi- 
cients, in a rational and integral form, whose vanishing expresses 
the condition for equal roots. We have had examples of such 
functions in Arts. 43 and 68. We proceed to show that they 
come under eliminants as particular cases. If an equation 
F(z) =9 has a double root, this root must occur once in the 
equation f(z) = 0; and subtracting 2/’(x) from nf(x), the same 
root must occur in the equation nf(x) — af (x) = 0. 

This is an equation of the (m — 1) degree in x; and by eli- 
minating x between it and the equation /”’ (x) =0, which is also of 
the (n—1)™ degree, we obtain a function of the coefficients whose 
vanishing expresses the condition for equal roots. The degree 
of this eliminant in the coefficients of f(x) is 2(n -— 1); and its 
weight is x(n — 1), as may be seen by examining the specimen 
terms given in section (1), Art. 142. Expressed as a symmetric 
function of the roots of the given equation, the discriminant will 
be the product of all the differences in the lowest power which 
can be expressed in a rational form in terms of the coefficients. 
Now the product of the squares of the differences [ (a: — az)’ 
can be so expressed; and since it is of the 2(m — 1)™ degree in 
any one root, and of the n(n — 1)™ degree in all the roots, it 
follows that the discriminant multiplied by a numerical factor 
is equal to a?) Tl (a, — a.)?; and is, moreover, identical with 
the eliminant just obtained. 

If the function f(x) be made homogeneous by the introduc- 
tion of a second variable y, the two functions whose resultant is 
the discriminant of f(x) are the differential coefficients of f(a) 
with regard to x and y, respectively. In the same way, in ge- 
neral, the discriminant of a function homogeneous in any num- 
ber n of variables is the result of eliminating the variables from 
the n equations obtained by differentiating with regard to each 
variable in turn. 
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EXAMPLES. 
1. Find the discriminant of 
anu? + 3a, 2" + 8a2u+a3= 0. 
We have here to find the eliminant of the two equations 
ajox* + 24,4 + az= 0, 


ax + 2aex+az=0. 
This is, by Art. 140, 
4 (aga - a”) (a a3 — a2”) — (aoa3 -— a az)* =0: 


? 


or it may be written in the form of a determinant, as follows, by Art. 144:— 


a 2a a2 0 
0 a 2a a2 
cs 0, 
a 2a2 a3 0 
0 a 2a2 a3 


It can be easily verified that this value of the discriminant is the same as that 
already obtained in Art. 42. 
2. Express as a determinant the discriminant of the biquadratic 


aout + 4a, 43 + 6agu* + 4a3% + a4 = 0. 
We have here to eliminate x from the equations 
ax? + 3a, x? + 8aex7 + a3 = 0, 
42° + 8a2u* + 8a34 +a = 0. 
By the method of Art. 144 the result is 
a 38a 3a2 a3 0 0 


0 ao BYAl 32 a3 0 


0 0 ao 3a, 3d3a2 ag 
a4 38a2 343 a 0 0 Bi 
0 a 38a2 343 ee 
0 0 a 38a, 3a, | 


This must be the same as J*-—27J? of Art. 68. 
3. Express the discriminant of the quartic as a determinant by Bezout’s method 
of elimination. 


\ 
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_ 4, Prove by elimination that J=0 is one condition for the equality of three 
roots of the biquadratic of Ex. 2. 
Since the triple root must be a double root of 


U3 = ax? + 3a, 2? + 38a2% + a3 = 0, 
and therefore a single root of a#*+2a.%+a3;=0; and since it must also bea 
single root of 
U2 = Mex? + 2412+ a2 =0, 
it follows from the identity 
U4 = 27 U2 + 2x (a x? + 2agwx + a3) + au? + 2agu + a4 
that the triple root must be a root common to the three equations 
ax? + 20,4 + a2,=0, 
a,x? + 2azu + az =0, 


227 + 2asx+a4= 0. 
Hence the condition 


ao Gy a2 
a a2 a3 = J = 0, 
a2 a3 a4 


That the other condition for a triple root is J = 0 may be inferred from Ex. 10, 
D. 315; for when three roots are equal the discriminant must vanish, and it is of the 
form /I* + mJ?. 

5. Prove that the discriminant of the product of two functions is the product of 
their discriminants multiplied by the square of their eliminant. 

This appears by applying the results of Art. 141 and the present Article ; for the 
product of the squares or the differences of all the roots is made up of the product 
of the squares of the differences of the roots of each equation separately, and the 
square of the product of the differences formed by taking each root of one equation 
with all the roots of the other. 


148. Determination of a Root common to two 
Equations.—If RF be the resultant of two equations 


U = Am2™ + Amie") +...+%=)9, 


and a any common root, then 


wR dR aR 
da, da, _ da; _ 
an aR aR 


da, da, day 
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To prove this we substitute in R, for a, and 4,, a, - U and 
6, — V, and obtain an identical equation connecting U, V which 
is satisfied by every value of x, and which is of the form 


R= U9¢+Vy; 
whence 
d dp dp 
ae p etnies aman 
eee ae ae 
dR dp dt 
meee pt as U 4. . 
ee aa ae 


and when a is a common root of the equations U = 0, and V= 0, 
we have, substituting this value for xin the preceding equations, 
dk dk 
day dau’ 


which proves the proposition. 

A double root of an equation can be determined in a similar 
manner by differentiating the discriminant A. 

149. Symmetric Functions of the Roots of two 
Equations.—If it be required to calculate a symmetric fune- 
tion involving the roots aj, a:, a3, ...am, of the equation 


p(x) = aya + a0" + a0" +... + Om = 9, (1) 
along with the roots (31, B2, Ps... Bn, of the equation 
Wy) = Boy" + diy? + bry"? +... + bn = 0, (2) 
we proceed as follows :— 
Assume a new variable ¢ connected with « and y by the 
equation 
t= Ar + BY 5 
and let y be eliminated by means of this equation from (2). The 
result is an equation of the n” degree in x whose coefficients in- 
volve A, u, and ¢ in the x” power. Now let x be eliminated by 
any of the preceding methods from this equation and (1). We 
obtain an equation of the mn degree in ¢, whose roots are the 
mn values of the expression Aa + uf3. 
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If, now, it be required to calculate in terms of the coefficients 
of (x) and ~(y) any symmetric function such as Sa? 3%, we 
form the sum of the (p+¢)" powers of the roots of the equation 
in t. We thus find the value of 3(Aa + p/3)’*? expressed in 
terms of the original coefficients and the several powers of A 
and uw. The coefficient of A? u? in this expression will furnish 
the required value of Ya” 3’ in terms of the coefficients of 


¢ (w) and p(y). 
MisceELLANEOUs EXAMPLES. 


1. Eliminate x from the equations 
ax? +br+e=0, 
= 1. 
Multiplying the first equation by , we have, since 23 = 1, 
ba? +cx+a=0; 
and multiplying again by x, we have 
cv? +ax+b=0. 


Eliminating 2x” and « linearly from these three equations, the result is expressed 
as a determinant 


If the method of symmetric functions (Art. 141) be employed, and the roots of 
the second equation substituted in the first, the resultant is obtained in the form 
(a + b+ c)(aw? + bw + ¢)(aw + bw* + 0). 
2. Eliminate similarly x from the equations 
ax' + ba + ex? ++ dzx+e=0, 
eo = 1, 


The result is a circulant of the fifth order obtained by a process similar to that 
of the last example. By aid of the method of symmetric functions the five factors 
can be written down (cf. Ex. 27, p. 284). An analogous process may be applied in 
general to two equations of this kind. 

3. Apply the method of Art. 143 to find the conditions that the two cubics 


(x) = ax> + bx? +cx4 +d =), 
V(2) =a 4+ Uer+cx+ad'=0 


should have two common roots. 
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When this is the case, identical results must be obtained by multiplying (x) by 
the third factor of (x), and y(z) by the third factor of (x). We have, therefore, 


(A’@ + mw’) p(2) = (ax + #) ¥(*), 
where A, u, A’, w’ are indeterminate quantities. This identity leads to the equations. 
ra — Aa’ = 0, 
Nb + p'a— rb’ —- wa’ =0, 
r’e + wb — Ac’ — pb’ = 0,7 
r'd+ pc —Ad’— we’ = 0, 
pid — pd’=0. 

Eliminating A’, nv’, A, w from every four of these, we obtain five determinants, 
whose vanishing expresses the required conditions. There is a convenient notation 
in use to express the result of eliminating from a number of equations of this kind. 
In the present instance the vanishing of the five determinants is expressed as. 


follows :— ‘ 
a b c ad 0 


0 a oe ad 
a’ b’ c reas 


0 a. 6 6 


the determinants being formed by omitting each column in turn. 
4, Prove the identity 


a” 2a8 B? 
ae’ «= oa’ + a'B ~~ BB’ | = (aB’ — a’B). 
he 2a’B’ B° 
This appears by eliminating 2 and y from the equations 
a+ By = 0, ax+ By =0; 
for from these equations we derive 
(av + By)?=0, (ax + By)(a’v+ B’y)=0, (a’u+ B’y)?=0. 


The determinant above written is the result of eliminating 2, zy, and y? from the 
latter equations; and this result must be a power of the determinant derived by 
eliminating x, y from the linear equations. 

5. Prove similarly 


as 3a°B 3aB2 Be 
a? a” B’ + 2aa’B 2aBB’ + a’ B? BB’. 


(ap’ — a’B)®. 
ac’? a?B+2aa’B’ 2a’BR’+ ap’? Bp’? 


a’? 3a’? p’ 3a’ Bp’? p’3 


pe. 
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This appears by deriving from the linear equations the following equations of 
the third degree :— 


(ax + By)? =0, (ax + By)? (a’x + B’y) =0, &e., 


and eliminating 2°, zy, zy’, ¥°. 


6. Prove the result of Ex. 12, p. 278, by eliminating the constants A, mu, A’, w’, 
from four equations 


Ree, ite ag 1 
nt BR , ” 
Aatpe 


AB +m 


8 = ———— 
B+ pe’ 


» &., 


connecting the variables in homographic transformation. 
7. Given 


U= Aw + 2Buv + Cr?, 
V=A'wv+ 2B’ + C'v?, 
u= ax? + bey + cy?, 
v=ax+ Wayt+ cy’; 


determine the resultant of U and V considered as functions of 2, y. 
Since 
U = A(u — av) (uw — Bo), 


V = A'(u—a'v)(u— B’r), 


if U and V vanish for common values of 2, y, some pair of factors, as «— av and 
u —a'v, must vanish ; whence forming the resultant of «—av and u— a’v, and re- 
presenting the resultant of w and v by R(u, v), we have 


R(u-—a, uw—a'v)=(a—a’) R(u, v); 
and multiplying all these resultants together, we find 


R(Usz, Vs) = A* AS (a — a’)? (B — BY? (a — BY (B — a’)? {R(w, v) 4, 
or 


R( Us, Vz) = {R(U, V)}? {Ble 0)}4. 


8. Prove that the equation whose roots are the differences of the roots of a given 
equation f(z) = 0 may be obtained by eliminating x from the equations 


be Pe ar Saar oe: 
fle) =0, F@) +P") “4"@) A + be. = 0; 


and determine the degree of the equation in y (cf. Art. 44). 
Z 
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COVARIANTS AND INVARIANTS. 


150. Definitions.—In this and the following Chapters the 
notation 


(oy iy Aay ..- On) (x, Y)” 
will be employed to represent the quantic 


n(n—1) 


oe Aga YY? +06. + NAp acy" +a, Yy", 


Apt” + navy + 
which is a homogeneous function of # and y, written with bino- 
mial coefficients. If we put y =1, this quantic becomes U, of 
Art. 35. 

Let ¢ be a rational, integral, and homogeneous symmetric 
function, of the order a, of the roots a, a2, a3... a, of the 
equation U;, = (do, di, dz. ++ Mn)(#, 1)” = 0, this function involv- 
ing only the differences of the roots; then if 

1 1 1 


> ] 9 a. 8 
a,-— wv az,—- & An — & 


be substituted for aj, a... an, respectively, the result multi- 

plied by U,* (to remove fractions) is a covariant of U,, if it in- 

volves the variable 2, and an invariant if it does not involve z. 
From this definition of an invariant we may infer at once 


that 


ly p (a1, Og, Az, « an) 


is an invariant of U, when ¢ is made up of a number of terms 
of the same type, each of which involves all the roots, and each 
root in the same degree a. 
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These definitions may be extended to the case where ¢ (the 
function of differences) involves symmetrically the roots of seve- 
ral equations U,=0, U,=0, U,=0, &e., the roots of these 
equations entering ¢ in the orders a, a’, a”, &e. . . , respectively. 


We may substitute for each root a, 


as before, and remove 
ios £ 


fractions by the multiplier U,"U,"'U,""....&c. If the result 
involves the variable 2, we obtain a covariant of the system of 
quantics U,, U,, U,, &c.; and if it does not, ¢ is an invariant 
of the system. | 

151. Formation of Covariants and Invariants.— We 
proceed now to show how the foregoing transformations may 
be conveniently effected, and covariants and invariants cal- 
culated in terms of the coefficients. With this object, let the 
symmetric function of the differences of the roots be expressed 
in terms of the coefficients as follows :— 


Ae"h(a1, ay... Gn) = E' (doy Gy Aa, « - « Gp) 


Now, changing the roots into their reciprocals, and conse- 
quently a into a, &e., a, into a, &e. (that is, giving the suf- 
fixes their complementary values), we have 


ar (ai, Czy «es ay) a Fan; Un-1y +++ Ao), 


where y is an integral symmetric function of the roots, and F 
the corresponding value in terms of the coefficients. This 
function is called the sowrce* of the covariant derived therefrom. 

Again, substituting ai — 7, a,-#, ...an— for a, aa, «.. an; 
and consequently U,, &c., for a,, &e. (see Art. 35), we find 


Ao b(ai-2, Azg— WH, «0s a, -v) =F(U,, ga eee U;; U,). 


Thus, by two steps we derive a covariant from a function of 
the differences, and find at the same time its equivalent calcu- 
lated in terms of the coefficients. : 

To illustrate this mode of procedure we take the example in 
the case of the cubic 


ay & (a — 3)? = 18(a,? — aoaz) ; 


* This term was introduced by Mr. Roberts. 
Z2 
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whence, changing the roots into their reciprocals, and. dp, a1, a2, ds 
INtO ds) dey Giy Moy We have 


ay” Xa’ (3 — y)? = 18(a.” -— asm). 


Again, changing a, 3, y into a—wz, B-a, y- «a, and mH, a2, ds 
into U,, U2, U;, respectively, we find 


ao’ 3((3 — y)* (@ - a)? = 18 (U,? - U3). 
The second member of this equation becomes when expanded 
U1 U3 — U2 = (aodz— ay”) 2? + (4,3 — 1 Az) & + (A ds — a7). 


This covariant is called the Hessian of U;. We refer to it 
as H,, since H is its leading coefficient. 
As a second example we take the following function of the 
quartic :— 
a,” =(B -y) (a -8)? = 24 (a, ay — 41 a3 + 3a,”) ; (1) 


whence, changing the roots into their reciprocals, and. a), 1, G2, 4s, 
IntO As, As) Az, A, A) We have 
ay By my 3)? (6 nas a)’ = 24 (dQ mers 4a3a, + Od,’). 

These transformations, therefore, do not alter equation (1) : 
again, since in this case (a, B, y, 8) is a function of the diffe- 
rences of the roots, ~ is unchanged when a- 2, B—2, &...., 
are substituted for a, 3, y, 6. We infer that aa, — 4a,a; + 8a 


is an invariant of the quartic Ui. 


We observe also, in accordance with what was stated in ~ 
Art. 150, since 


@ = (B—y)’(a—- 8)’ + (y-a)? (B-8)’ + (a- B)* (y-8)’, 
that each of the three terms of which ¢ is made up involves all 


the roots in the degree a, which is here equal to 2. 
In asimilar manner it may be shown that 


ao’ {(y — a)(B - 8) - (a-B)(y -8)} {(a- B) (y- 8) 
— (B -y)(a-8)} {(B-y)(a-8)- (y-4)(B-98)} 
= — 482 (do dz + 20; Azz — Ao ds? — ay dy — 42°) 


is an invariant of the quartic. 
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There is no difficulty in determining in any particular case 
whether ¢ leadsto an invariant or covariant, for if @ leads to an 
invariant, ¢ = + yj, that is @ is unchanged (except in sign, when 
its type term is the product of an odd number of differences of 
the roots, i.e. when its weight is odd), when for the roots their 
reciprocals are substituted, and fractions removed by the simplest 
multiplier (aia,a3; ... a»). From another point of view an 
invariant may be regarded as a covariant reduced to a single 
term. 

152. Properties of Covariants and Invariants.— 
Since ¢ is a homogeneous function of the roots, the covariant 
derived from it may be written under the form 


a x x x 
9 9 eee 9 
H rag ay—e A2—-2 An — Vv 


where a is the order, and « the weight of ¢. 


Also, as ¢ is a function of the differences, we may add 1 to 
4 ay 


each constituent such as , thus obtaining Again, 
ar seer a> =. 


multiplying each constituent by x, the covariant becomes 


=o aye At Ant 
>] S s 9 


b] 
on a-# az—-2@ Qn—wz 


which may be reduced to the form 


1 1 1 
sacamnd t aay | eee 


G2 8s -@& xe an x, 


a V3) 3), 
x Qa, a a2 x An 


whence it is proved that the covariant form 
U-¢ ( 1 1 1 


ai gr Ae meg i An — x 
is unaltered when for a,, a, ... an, “, their reciprocals are sub- 
stituted ; a, di, dz... Gn changed into any dna, ... Mh, respectively, 
and the result multiplied by (—1)* a"***. 


where 


342 Covariants and Invariants. 


Now if any covariant whose degree is m be written in the 
form 
(Bo, Bs Boy... + Bu) (ae, '1)"5 (1) 


. . 1 
changing 4, a1, ... Qn, % iIMtO Gn, Oya ... Gh, —, We have 
ax 
another form for this covariant, namely, 
1 m 
(- 1 ae aioe (C,, C1, C,, eee Cn) G 1) ; 


and as this form is an integral function of x of the same type as 
(1), we have, by comparing the two forms, 


m=na—2«, B= (-1)* Cy... Be=(-1)*Cn+; 


thus determining the degree of the covariant in terms of the order 
and weight of the function ¢, and showing that the conjugate 
coefficients (i.e. those equally removed from the extremes) are 
related in the following way :— 

If F(a. ai, dey... Gn) be any coefficient of the covariant, 
(—1)* F' (any Qnty Gn2y «+» Qo) ts tts conjugate. 

From the expression for the degree of a covariant in terms 
of a and x, namely na — 2x, we may draw the following im- 
portant inferences :— 

(1). Lf a, is an invariant, no = 2k. 

For, in this case and y¥ are the same function, and conse- 
quently their weights « and na — « also the same. 

(2). All the invariants of quantics of odd degrees are of even 
order. 

For if n be odd, it is plain from the equation naw = 2« that 
a must be even, and x a multiple of x. 

(3). Ad covariants of quantics of even degrees are of even 
degrees. 


For in this case na — 2x is even. 


(4). The resultant of two covariants ts always of an even degree 
in the coefficients of the original quantic. 
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For, the degree of the resultant expressed in terms of the 
orders and weights of the covariants is 


a(na — 2x’) + wo (na — 2x) = 2(naa’— aK’— a’). 


We add some examples in illustration of the principles ex- 
plained in the preceding Articles. 


EXAMPLES. 


1. Show that the resultant of two equations is an invariant of the system. 
2. Show that the discriminant of any quantic is an invariant. 
3. Prove directly that any function of the differences of the roots of the cova- 


riant 
> 1 1 iE f 
vo ate 


’ 
Ct =z ag— # ag3—- 7 An— az 


equated to zero is a function of the differences of ai, a2, a3, -. . a 
4, Ifa, B, y; and a’, Bp’ be the roots of the equations 
U =azx® + 3622+ 8ex4+d=0, 
W=aa¢e?+2x74+¢=0; 
express in terms of the coefficients the function 
(8 —y)? (a— a’) (a—B’) + (y — @)? (8 — a’) (8 - B’) + (a—B)? (y—@’) (y—-B). 
Denoting this function by ¢, we easily find 
—aa'p = 9 {a' (bd — 0?) — B' (ad — be) + ¢ (ac — 6°) }. 

Attending to the definition at the close of Art. 150 we observe that this function 
is an invariant of the two equations; for it involves all the roots of the cubic in the 
second degree, and all the roots of the quadratic in the first degree. If, in fact, we 
make the substitutions of Art. 150, and render the function integral by multiply- 
ing by U*? U’, the result will not contain z, and is therefore an invariant of the 
system. > 

The geometrical interpretation of the equation ¢ = 0 is that the quadratic U" 


should form with the Hessian of the cubic U a harmonic system. 
5. If a, B, y; a’, B’, y’ be the roots of the equations 


av? + 3b? + 8ex +a =0, 
ax + 30'a2 + 38c'%4+ d'=0; 


express the following function (when multiplied by aa’) in terms of the coefficients, 
and prove that it is an invariant of the system :— 


(a — a’) (8 — B’)(y—') + (a—B’) (8-7) (y—-@) + (@- 7’) (B-') (y-B); 
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or, differently arranged, 
(a—a’) (B— 7’) (y— B') + (a— B’)(B- 2’) (y—7') +(a—7') (B- B’)(y-@) 
Ans. 3 {(ad’— a'd) — 3(be’— U'e)}. 
6. If a, B, y, 8; a’, BY, 7’, 8 be the roots of the biquadratics 
(a, 6, c,d, e) (@, 1fed, (a, ¥,¢, 4d, ¢) (2, 1)*=0; 
prove 
ad’ &(a—a’)(B—B’) (y—7’) (8-8) = 24 {ae + a'e—4(bd' + b'd) + 6ee'}, 


and show that this function is an invariant of the system. 
7. Prove that the following function of the roots of a biquadratic and quadratic 
gives an invariant of the system, and determine its geometrical interpretation :— 


- ery. By l yta ya 1 a+B~ af 
e460. ad se es <i or ee °°) +/ 1 yt +478 =. 
bate as l1 a@a+p ap’ 1 a+ pf’ ap’ 


The geometrical interpretation of the equation ¢ = 0 is, that two conjugate foci 
ofthe three involutions determined by the biquadratic form along with the qua- 
dratic_an harmonic system. 

8. Prove that the following functions of the roots of a biquadratic and quadratic 
give invariants of the system, and determine their values in terms of the coef- 
ficients :— 

ao bo? %(a’ — a) (a’ — B) (B’— 7) (B’— 8), 
aby? (a — B)* (y— a) (8B) (y—B’) (8-a’). 


9. Find the condition that one pair of roots of a cubic should form an harmonic 
range with the roots of a given quadratic. 

10. Find the condition that the roots of two cubics should determine a system 
in involution. 

The condition is expressed by multiplying together the six determinants of the 


type 


1 ata’ aa’ 
1 B+s Be |, 


as es arto wd 
and equating the result to zero. 


153. Formation of Covariants by the Operator D.— 
From Art. 138 we infer that the expansion of F(U;,Un., ... Uo) 
may be expressed by means of the Differential Calculus in the 
form 
F, + «DF, + =f 


ee Pe eae 


4 


2 
2 
Ty Pt. t 


Dt Be a 
T 


a ae 
page 
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where F, is the result of making x = 0 in F(Un, Uni, ... Uo), 
viz., 
Bo Fda, Gnty «++ Go), 


and Dm ay + 2, + Bly Te Mls Ts 

In forming a covariant by this process, the source F, with 
which we set out is altered by the successive operations D till 
we arrive at the original function F'(a,, am, ... 4»), from which 
the source was formed. Since this is a function of the differences, 
the coefficient derived by the next operation D vanishes, and the 
covariant is completely formed. The corresponding operations 6 
on the symmetric function y have the effect of reducing the 
degree in the roots by one each step, the final symmetric func- 
tion containing the differences only. Thus the successive 
operations supply between the roots and coefficients a number of 
relations equal to the number of coefficients in the covariant. 

The degree m of the covariant is plainly equal to the number 
of times 8 operates in reducing y, to ¢, i.e. equal to the difference 
of the weights of the extreme coefficients. And since 


j ee | 1 
by = (ai a2 s+ an)" (=, ans zh 


> 
a; ae an 


the weight of yo is nw — x, where « isthe weight of ¢ (a1, az,... an) 3 
hence the degree of the covariant whose leading coefficient is 
ap is nw — 2x, the same value as before obtained. We add two 
simple examples in illustration of this method. 


EXAMPLES. 


1. Form the Hessian of the cubic 
Ayx? + 8a, 4%" + 8a2x% + ag = 0. 
Taking the function H=a,a2—a*, we find, as in Art. 151, 
Ao? Sa? (B — y)* = 18 (ag? — a3). 
Operating on the left-hand side by 3, and on the right-hand side by D, we obtain 
— Mo? S2a(B — y)® = 18 (a1 a2 — Maz) 5 
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and operating in the same way again, 
ao? S2 (B _ 7)? = 36 (a)? — ao a2). 


The next operation causes both sides of the equation to vanish. Hence the re- 
quired covariant is, as in Art. 151, 


(a1 a3 — a2*) + (aoa3 — a2) x + (ap a2 — ay”) 2. 


We find at the same time the corresponding expression in terms of x and the 
roots. 


2. Form the Hessian of the biquadratic 
ayu* + 4a, 23 + Bax? + 4a32 + a4 = 0. 


The covariant whose leading coefficient is H=ajaz— a; is called the Hessian 
of the biquadratic. Its degree is 4, since @ = 2, and« =2; and .*. nw — 2 =4. 
Changing the coefficients into their complementaries, the source of the covariant is 
a4a2 — a3, and we easily find 


Hy = (ay az — ay") x4 + 2 (ag.ag — a1 a2) @ + (ay a4 + 2a1 a3 — 3a”) x 
+2 (a1 G4 — A243) @ + (d2a4— a3”). 
154. Theorem.*—In the discussion of covariants through 


the medium of the roots, as in the previous Articles, the following 
proposition, due to Mr. Michael Roberts, is of importance :— 


Any function of the differences of the roots of two covariants is 
a function of the differences of the roots of the original quantic. 
Let 


(Bo, Bi, Bs, ... By)(x, y= Bole - Bry){e- Bry)... @- Boy), 
(Coy C1, Cry -.. Ca) (ws y= Cole yy) (@- yoy) «-» (@- Ya¥) 
be two covariants of the quantic 
(Go, Bry Gay 5 és Dn Ay Gs 


Operating with D or 6 on the identical equation 


Bo By? + pBi By?" + a> Bees... 2 hae 


* Quarterly Journal of Mathematics, vol. v., p. 48. 
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: and remembering that, in general, Df = a78¢, where 


FT (as My Ua, - +s An) = ao* b(ar, 2, --- An), 
we have 


p(B, Br??+ (p-1) BiB,2? +... + Bya)(1+ 8B, = 0; 
and, therefore, 


op, =-I1; 
similarly 
oys =— 1, 
whence 
6(; - Ys) = 0, 


proving that (3, - y; is a function of the differences of the roots 
jy M2) Az,» + An. 

155. Homographie Transformation applied to the 
Theory of Covariants.—Hitherto we have discussed the 
theory of covariants and invariants through the medium of the 
roots of equations. We proceed now to give some account of a 
different and more general mode of treatment, by means of 
which this theory may be extended to quantics homogeneous in 
more than two variables, such as present themselves in the 
numerous important geometrical applications of the theory. 
Although this enlarged view of the subject does not come within 
the scope of the present work, we think it desirable to show the 
connection between the method of treatment we have adopted 
and the more general method referred to. With this object we 
give in the present Article two important propositions. 

Prorv. I.—Let any quantic U,, be transformed by the homo- 
graphic transformation 

Aa’ + i. 
Natt pl’ 
f I and I’ be corresponding invariants of the two forms, we have 
defAg = Nal 4 
To prove this, let 
T= a7 (a, — a2)” (a2 — a3)’. .. (a1 — an)’, 


each root entering in the degree a. 
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la 
. . . 4 if Lael s 
Now, transforming the similar value of J’, since x => va 
—-A2X. 


we have 
eat = Ni) (ay = aa) 
2) (ae a 
Again, transforming U,,, and rendering the result integral, 
U,,’ takes the form 


Ay (x’ at ay ) (af ys az ) 16K (x - rie 
where 


Ay. = A (r N'a1) (vA Ea Naz) eee (A = Nan) ; 


making these substitutions for all the differences, and for ay, 
the denominators of the fractions which enter by the transfor- 
mation disappear ; and we have, finally, 


I’= (Aw _ N'p)<l. 


Prov. II.—Jf ¢(w) be a covariant of the quantie U,, the new 
value of p(x), after homographic transformation, is (when rendered 
integral) 

(Au! = Xu) (2). 

The proof is similar to that of the preceding Proposition. 

We have 


 (&) = ao BS (ay — az)" (az—as)’... (w— ai)? (w-ap)?..-, 
this expression being obtained by substituting 
U=— A, v — Ary cow © = Oy for Qiy Azy -- + An 


in the source of the covariant »(v) expressed in terms of the 
roots. Now, transforming, as in the previous Proposition, the 
value of ¢(x) thus derived; since the factors AX —X’a, A - N’ar, ... 
all enter in the same degree a in the denominator (for each root 
enters the source in the degree a), they will all be removed by 
the multiplier a”, and the transformed value of 9 («) is 


(Au’— Xn) (2). 
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156. Reduction of Homographiec Transformation to 
a Double Linear Transformation.— With a view to this 
reduction let the quantic be written under the homogeneous 


form 
n(n—1) 
1.2 


Dy = Ayu" + naa y + ae yet... + any”; 


and, in place of putting as before x = ae “, and removing 
iv 


Na’ + 

fractions to make U,, integral, let now eit ee where — 
y Ne+wy 

and are the variables in the ordinary sense. The transfor- 


mation may therefore be reduced to a linear transformation of 
both the variables x and y, and can be effected by putting in 
the original quantic 


e=ra'+ py, y=rXeitpy, 


the introduction of fractions being in this way avoided. 

Thus we pass from a homographic transformation of 
functions of a single variable to the linear transformation of 
homogeneous functions of two variables. 

The determinant Ap’ — A’u, whose constituents are the coef- 
ficients which enter into the transformation, is called the modudus 
of transformation. 

We are now enabled to restate Propositions I. and II. of 
_ Art. 155, in the following way :— 


Prop. I.—An invariant is a function of the coefficients of a 
quantic, such that when the quantic ts transformed by linear trans- 
Jormation of the variables, the same function of the new coefficients is 
equal to the original function multiplied by a power of the modulus 
of transformation. 

Prop. II.—A covariant is a function of the coefficients of a 
quantic, and also of the variables, such that when the quantic ts 
transformed by linear transformation, the same function of the new 
variables and coefficients is equal to the original function multipled 
by a power of the modulus of transformation. 


eee 
as RES 
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The definitions contained in the preceding propositions are 
plainly applicable to quantics homogeneous in any number of 
variables, and form the basis of the more extended theory of 
covariants and invariants referred to in the preceding Article, 
We give among the following examples an application in the 
case of a quantic involving three variables. 


EXAMPLES. 
1. Performing the linear transformation 


w=rAX+eY, y=uXt+ wm, 
if 
ax? + 2bay + cy? = AX* 4+ 2BXY + CY?, 
prove that 
AC— B2= (Ami _ Ap)? (ae _ b). 


2. Performing the same transformation, if 


(a, 5, ¢, d, e)(z, y)*= (A, B, C, D, £)(X, Y)s, 
prove that 
AE —4BD + 307 = (Am — Arp)‘ (ae — 4bd + 30). 


3. Performing the same transformation, if 
ax® +2bey + cy? =AX*? 42BXY + CY?, 
and 
ax? + 2b, xy + ¢ y* = A,X? 4+2B, XV + C1Y?, 
prove that 
AC, + AC — 2BB, = (Ami — Arp)? (ae; + aye — 2503). 
This follows from Ex. 1, applied to the quadratic forms 
(a-+Kay) x? 42 (b+b1) cyt (e+ Kei) y?=(A+KnA)) X?+4+ 2(B+nBi) XV+(C+4Q) Y?, 


by comparing the coefficients of x on both sides. 

Whence we may infer that, if two quadratics determine a harmonic system, the 
new quadratics obtained by linear transformation also form an harmonic system. 
For their roots being a, 8 and a, Bi, we have 


aay { (a ~ a1)(B — Bi) + (a — Bi) (B— a1) } =2 (ae + aye — 2bd;). 
4. If the homogeneous quadratic function of three variables 


ax® + by* + c2? + 2fyz + 2gzx + Ahay 
be transformed into 
AX* + BY* + CZ? + 2FYZ+ 2GZX + QHXY 


by the linear substitution 


@=AX+mVinZ, y=rXt+meYtrZ, 2=aAsX+us¥+3Z; 
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prove the relation 


Goes ; Sao ° a h g 
a: 6B F |= (Aipevs)? h b fa» 
e 2 oC Pe 


where the determinant (A1 2 vs) is the modulus of transformation. 

This is easily verified by multiplying the proposed determinant of the original 
coefficients twice in succession by the modulus of transformation written in the 
form 


Vi V2 V3 


and comparing the constituents of the resulting determinant with the expanded 
values of the coefficients of X?, Y?, &c., in the new form. 

It appears therefore that the determinant here treated is an invariant of the 
given function of three variables. 

157. Properties of Covariants derived from Linear 
Transformation.— We proceed now to show, taking the second 
proposition of Art. 156 as the definition of a covariant, that the 
law of derivation of the coefficients given in Art. 153 imme- 
diately follows; that is, given any one coefficient, all the rest may 
be determined. : 

For this purpose, performing the linear transformation 


w= X+hY, y=0X+ J, 
whose modulus is unity, the quantic 
(Go, i, Moy... An)(, y)” becomes (Ao, Ai, Ar, ..- An)(X, VY)”, 
where 
Ay=%, A,=4,+ Qh, A,=a,.+2ah+ah’, &e. (See Art. 35.) 


Now, if (a, a1, G2) .-+ Gn, X,Y) be any covariant of this 
quantic, we have by the definition 


(os A, Ary eee Any x, Y) — my) (Ao, A,, A,, eee ra PS ae 
or 
(ao, Ory Any «++ Any L,Y) = (Ao, Ai, Av, -.. An, o— hy, y). 


Expanding the second member of this equation, and con- 
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fining oe violas to the terms which multiply 4; observing 


also that oo — = 7d,., when terms are omitted which would be 
multiplied in the result by 1’, h°, &c., we have 
p+ a(- yf + Dp) + #( )+&o...2g, 
which must hold whatever value 4 may have ; hence 
dp_ a dp p 
al Aca PN a aan PE (1) 


and, substituting for the value 


(Bo, B,, B., aa Ba) ep y)™, 
we have 
mB xy +m(m—1) Bam ty +... + MBniy™ 


= DBoa"™ +mDB wy + oat DBA 
whence, comparing coefficients, we have the following equations : 
DB,=0, DB,=B, DB,=2B,, ... DBa=mBur, 


which determine the law of derivation of the coefficients from 
the source B,,; the leading coefficient B, being a function of 
the differences, since DB, = 0. 

The calculation of the coefficients is facilitated by the follow- 
ing theorem which has been proved already on different prin- 
ciples :— 

Two coefficients of a covariant equally removed from the extremes 
become equal ( plus or minus) when in either of them do, diy ..+ An 
are replaced by Any Ant, » ++ A, respectively. 

To prove this, let the quantic be transformed by the linear 
substitution 

a=O0X+Y, y=X+0Y, whose modulus = - 1. 

Thus 

(oy Giy Gay «+» An) (2, Y)” = (Any An-ay Gn-2y ++» M)(X, V)”, 
and, by definition, any covariant 


@ (Any Gnty An-ay «+ + Gy X, VY) = (—1)* h (Go, diy day... Any @; Y) 
= (-1)* G(do, a1, day «+ + On Y, X); 
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whence it follows that the coefficients of the covariant equally 
removed from the extremes are similar in form, and become 
identical (except in sign when « is odd) when for the suffixes 
their complementary values are substituted. 

We may infer similarly that a covariant satisfies the diffe- 
rential equation 


tb, & db di 
a eg day’ 


as well as the equation (1) already given. 

Again, if (4d, a, @2,... a») be an invariant of the quantic, 
the former transformation of the present Article gives, employ- 
ing the definition of Art. 156, 


p (Ao, AN, Ar, Fae An) = g (A, A, Ar, Saete A,) ; 


and proceeding as before in the case of a covariant, we prove 
that an invariant must satisfy both the differential equations 


de do dle 
Ao da, + 2a, i, a3 32 abs SS + NAn1 da. = 0, 
dp dp dp 
an dacs’ Dini dans + 3An-2 daia.s + + NA, da = 0, 


either of which may be regarded as contained in the other, since 
if we make the linear transformation « = Y, y = X (whose 
modulus = — 1), we have from the definition of an invariant 


p as An-15 An-25 ++ to) = (- 1) (ao, Ny Ar, rere § An) 3 


proving that an invariant is a function of the coefficients of a 
quantic which does not alter (except in sign if the weight be odd) 
when the coefficients are written in direct or reverse order. 
Having now explained the nature of Covariants and Inva- 
riants of quantics, and the connexion between the two modes in 
which these functions may be discussed, we proceed to prove 
certain propositions which are of wide application in the forma- 
tion of the Covariants and Invariants of quantics transformed 
by a linear substitution. The student who is reading this sub- 
2A 
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ject for the first time may pass at once to the next chapter, where 
the principles already explained are applied to the cases of the 


quadratic, cubic, and quartic. 


158. Prorv. I.—Let any homogeneous quantic of the n™ degree 


ST (a, y) become F(X, Y) by the linear transformation 


2@=\A\AX+pY, y=nvNX+pWY; 


also let any function u of x, y become U by the same transformation ; 


then we have 
uw du du a0: 2-00 
uns(o -5)- a or — x} 


where M is the modulus of transformation. 
To prove this proposition, solving the equations 


e=AKtnY, yaAXK +p Y, 


we have 
MX=px-py, MY =-Ner+ dry; 
whence 
12. Ge aX _ (8 Ge adY 
Mah; sar eae MU =-X, sla 
Again, 


ie (aa ie =e 


du dUdX dUdY L(y sd 280. 
De 7) 


du dUdX dUdY “al aU 77) 


a dk or ay a ae) 


which equations may be put under the form 


(ar op) 1 dU 
dy “\Md¥ n(- eae) 
2-0. (ay 1 

de \May)'" arpa 


fOX+pY, NX+AY) = F(X, Y), 


and since 


(1) 


i 7% Cea 


changing X and Y into 
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1 aU 1 dU 
Way 4 - spay respectively, 
the proposition is proved. 

In an exactly similar manner, changing X and Y into 


la ia 
MdY’ Max’ 
it may be proved that 
hd aN de 
u (Ss ip)" -F(5 -) U. (2) 


The results (1) and (2) may be applied to generate cova- 
riants and invariants as we proceed to show. 

Suppose / (a, y) and u to be covariants of any third quantic », 
where v may become identical with either as a particular case ; 
also, denoting by F(X, Y) and U, the same ‘covariants ex- 
pressed in terms of the X, Y variables and the new coefficients 
of v after linear transformation, we have, by Prop. II., Art. 156, 
the identical equations 


| UM? F(X, Y) = F(X, z); and M?U = U;; 


whence, substituting from these equations in (1), 
- (ae du dU, av, 
mu 7(S -5)-B( - =) 


: du du\ . : 
proving that / (=. - z) is a covariant of v. 


And in a similar manner it is proved from (2) that 


d d 
ap ie)" 
leads to an invariant or covariant of v, according as w is of the 
n* or any higher order. 
We add some applications of this method of forming inva- 


riants and covariants. 
2a2 
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EXAMPLES. 


1. If y 
and the resulting operation performed on the quartic itself, show that the invariant 
I is obtained. 

We find 


_ = be substituted for # and y in the quartic (a, b, ¢, d, e) (v, y)*= U, 


(a, b, ¢, d, e) . 7) T= 48 (a 4hd + 3¢* 
Jide ind) Goad) dy’ dx oe ey, + e). 


2. Prove, by performing the same operation on Hz, the Hessian of the quartic 
(see Ex. 2, Art. 153), that the invariant J is obtained. 
Here we find 


d d\‘ 
(a, b, c, d, e) (=. -5,) Hy, = 72 (ace + 2bed — ad? — eb? — c°). 


3. Prove that 


a d 
(a, b, ¢, a) (5 -=). Gez=— 12(a?d?—- 6abed + 4ac® + 463d — 367 ¢?), 


where G; is the cubic covariant of the cubic (a, b, c, d) (x, y)°. 
4. Find the value of 
du du du du\ 2 
Yae — 62) {—}- = mee fer 
(ae — 6") (=) (ad — oo ag ae + (bd—c (=) : 


where « = (a, 5, ¢, d) (a, y)°. 
Ans. — 9H;”. 
159. Prop. Il.— Jf $(a, %, dz, ... Gy) be an invariant of 
the form (doy Aiy Moy.» « An) (a, y)", and u any quantic®of the n“ or 
any higher degree, 


", da”u du du 
dx” dx ay’ da®*dy” ~°*’ 


is an invariant or covariant of u. To prove this, let 
@=AX +uY, w= aAX' + ar’, 
=<AXtinY, YeNnNX +n’; 


and, transforming as in the last Proposition, 


, a d , ¥ d 
” de t¥E-X a | 
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also, transforming wu, we have 
T=; 


, ad iF d i we f / d , d . . 
(x > a ee U = \3 atva)" 
and writing this equation when expanded under the form 
(Do, D,, Dy ..- Dp)(X’, VY)" = (do, di, day - . . dn) (a7, o/)*, 


we have, from the definition of an invariant, 


whence 


(Ds, D,, De, ose D,) =M% (do, di, ds, eee dn), 


showing that ¢(d, di, d:, ... d,) is an invariant or covariant. 
When 2, y and 2’, are transformed similarly, as in the 
present Proposition, they are said to be cogredient variables. 


EXAMPLES. 
1. Let the quadratic 
aox? + 2ajry+azy* become 49X? +24, XY + 42 ¥?. 
We have then, as in Ex. 1, Art. 156, 
Ay Ag — Ay? = M?(agaz — a1”). 


Now since 
2 a? vs ad*U a*U , au au au 
, i Sacre ee , , meee Me ‘fe oe 
ee Star Fare? at OY dea ag? 


it follows from the last result, considering X’, Y’ and 2’, y’ as variables, that 


a?U d2U ( d?U )’- du du Sek: )" 
dX? d¥Y? ener] He ay dady 


This covariant is called the Hessian of U. 
2. When u has the values 
(a, 6, c, d)(x, y)?, and (a, b, ¢, d, e)(x, y)4; 
what covariants are derived by the process of the last example ? 
Ans. (1). (ae — b?) x? + (ad — be) xy + (bd — &)y?. 
(2). (ac — b*) af + 2(ad — be) ay + (ae + 2bd — 3c*) ay? 
+ 2(be — cd) xy® + (ce — d*) y* 
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160. Prov. II.—Jf any invariant of the quantic in x, y, 
U + k(ay’ — xy)" 
be formed, the coefficients of the different powers of k, regarded as 
homogeneous functions of the variables x’, y’, are covariants of U. 
For, transforming U by linear transformation, let 
(oy Qj, Arey - A») (a, y)" = (Ao, A,, A,, cbs A,,) (A, Y); 
also if x, y and a’, y’ be cogredient variables, 


ay’ — ay = M(XY’- X’Y),. 
Whence 


(oy yy Ary... An) (a, y)" + key’ — ay)” 
becomes when transformed | 
(Ay Aas. 2 AX, Vee (xXyY 2° YY: 

and forming any invariant ¢ of both these forms, we have 

(bs iy fay - +» hp) (1, k)? = U* (P, D,, ®,, ... &,) (1, Uk)", 
proving that | | 

¢, = M@,, 

or that ¢, is a covariant. 

When (ay — ay)” is replaced by (do, 01, b:,... bn)(a, y)", we 


have the following Proposition which is established in a similar 
manner :— 


Tf (oy Giy Ary» - + An) be an invariant of (do, A doy... Gn) (a, y)", 
all the coefficients of k in 


(ao + kby, a, + kb, oes Ge t+ kb,,) 
are invariants of the system of quantics 


(4, Ay Ar, - ++ An) (2, Y)", (Boy Bry bay . . « bn) (x, y)"; 
or, which is the same thing, 


d d d \r 
(2 a b, a ee a) p, &e., &e., 


are invariants of the system. 

If, further, ¢ be replaced by a covariant, we may in like 
manner generate new covariants, a similar proof applying in 
this case. These results hold for any number of variables. 
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161. Prov. IV.—Jf g(#, y) and W(a#, y) are homogeneous 
quantics, the determinant 


ht 
dx dy 
ok 
dx dy 


as a covariant of these quantics. 
For, transforming ¢ and y by the linear substitution 


wadk aK yaXR WY, 


we have 
s ®(X,Y)=9(%,y), V(X, Y)=Y(x, 9), 
giving 
dd _\%,\dp av _ ay 4 
oa a axe ae 
aD _ de dp av dh fe 
aE ts ay a ey 
Whence : 
dm d® .% ieee dp | , Ap 
aX dY¥ ae yt ae ae 
ve * 
av dv s es th, yt 
aX a¥ Mae a ae ae 


which reduces to 


a 


do dp dp dd 
u(# dy dy A, 


and the proposition is proved. 
This covariant is called the Jacobian of ¢ and y, and is often 


written under the form J(¢, ~). The Jacobian of n functions 


in n variables is a determinant of similar form, and can be 
shown to be a covariant by an exactly similar proof. 

We now conclude this Chapter with some examples selected 
to illustrate the foregoing theory. The student is referred for 
further information on this subject to Salmon’s Lessons Intro- 


— ductory to the Modern Higher Algebra, and to Clebsch’s Theorie 


Der Bindéren Algebraischen Formen. 
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MIscELLANEOUS EXAMPLES. 


1. From the definitions, Art. 150, prove that all the invariants of the quantic 
U(xy' — x'y) are covariants of U, the variable being 2’: y’. 

Hence derive the covariants of a cubic from the invariants of a quartic expressed 
in terms of the roots. 

2. If hh, Jz, Is, ... In be the same invariant for each of the quantics 
oe) 92) 9) a) 
4— a’ Z—a2 Z— ag. Bes w— an 
roots of ¢(x) = 0, prove that 


of the order @, where ai, az, ... an are the 


Tron 
> I(x — ar)” 
r=l 
is a covariant of $(z). 
3. If ai, az, a3,..- an be the roots of the equation 


(ao, Al, U2, .-- Gn) (2, 1)” = 0; 
and if 
G7 pid2.-- pm = F (do, a1, a2, .. + An), 


where ¢1, $2, .-- $m are all the values of a rational and integral function of some 
or all the roots obtained by substitution, find the equation whose roots are the 


m values of — =o given 3? = 0. 


Ans. F( Uo; Ui, U2, wed Un) = 0. 
4. Denoting by a, B, y, and a’, B’, y’ the roots of the cubic equations 


(a, b, e, d)(z, 1)?=0, (a’, BY, ¢, d) (ze, 1) =90, 
prove that the following covariant of the system 
aa’ %{3(B — B')(y—7) +3 (8-7) (y- 8’) + (8-7) (8 -7')} (© -@) (2-2) 
expressed in terms of the coefficients is 
18 { (ac’ + a's — 25d’) x? + (ad’ + a'd—be' — b'c) x + (bd’ + B'd—2ec')}. 


5. Express the identical relation connecting three quadratics in terms of their 
invariants. 
Let U =a 2? + 2hizy + ary’, 
V = aqu* + 2bexy + coy*, 
W = agu* + 2gxy + e3y?; 


multiplying together the two determinants 


a by C1 0 ey — 2d; ay 0 
a2 be C2 0 C2 — 2bde a2 0 
a3 bs C3 0 ¢3 — 2b3 a3 0 , 
yf -ay # 0 oe (3a Ff ® 
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= 0, where 2Ipg = apog + Aqtp — Bhp bg. 


2 

=" 

= 
yuNG 


U V W 0 
Expanding this determinant we have 

(T2233 — Ins”) U? + (Iss Ti — Is1”) V2 + (Tis To2 — Tio”) W? +: 2 (Iai Jaa — Li I23) VW 

+ 2 (Le3 tie — I22 Is1) WU + 2 (123 Is1 — Ios iz) UV = 0. (1) 


There are two particular cases worth noticing :— 


(1). When the three quadratics are mutually harmonic.—In this case 
tos = 0, Iz = 0, Siz = 0; and the identical equation assumes the following 


simple form :—- 
U \2 V \2 W 2 
fi 
VTi V Ing V Iss 


(2). When one of the quadratics W = 0 determines the foci of the involution of 
the points given by the other two, U= 0, and V = 0.—In this case T3 = 0, and 
Jz3 = 0; and making this reduction in the general equation (1), we have 


(Liz? — Ti I22) W? = I33 (122 UV? — 22 UV + Li V*) 5 
but from the equations Jj}3;=0, and J23=0, we find 
@3 =k (4162), —2b3=K(ca2), ¢3=K (bie) ; 
4 (a3¢3 — b3”) = x {4 (ay be) (b1 2) — (¢142)*}, 
Ig3 = x? { Tu I22 — Ti2*}, 
and reducing, whenxk = 1, or W=J(U, V), 
— {J(U, V)}* = Ine U? — 2G20V + In V?. 
6. Determine the invariants of the quartic 
Ai(% — ai)* + Ag (a — az)ft+... +An(2% — an)*. 
Ans. I= SdiA2(a1 —a2)4, J= SAiA2A3 V (a1, a2, a3), 


whence 


or 


where V(ai, a2, ... ar) represents the product of the squared differences of 
G1, A2, «0+ Aye 


7. Prove that the condition that four roots of an equation of the n** degree 


should determine on a right line a harmonic system of points may be expressed by 
(nm — 1) (n— 2) (n—3) 

5 ‘ 
8. If (ao, a1, a2, ... an) be any rational, integral, and homogeneous function 


which depends on the differences of the routs of the quantic (a, a1, @2, - «+ Gn) (x, 1)"; 


equating to zero an invariant of the degree 


prove that f. depends on the differences of the roots also. 
n 
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9. Prove that the functions 
Apa2—41", a a4—401A3+3a2", a” a3 — 8a9a, a2 + 2a), 
which depend on the differences of the roots of the equation 
(ao, 41, da, -.~ An) (%, 1)"= 0, 
give rise to covariants of the degrees 
2n — 4, 2n — 8, 3n — 6. 


10. Prove that the coefficient of the penultimate term in the equation of the 


squares of the differences of any quantic leads to a covariant of that quantic of the 
fourth degree in the variables. 


11. Prove that the product of two covariants of the same quantic whose sources. 
are @ and y may be written under the form 


$y + 2D ($4) + =, Digy) +e... 


Mr. M. Roberts- 
12. Prove that the m** power of the quantic 


(ao, @1, G2, .. . Gn) (x, 1)" 
may be represented by 


D3 (an™) + &e. 


Mr. M. Roberts. 
13. Prove from both definitions of a covariant that any covariant of a covariant 
is a covariant of the original quantic or quantics. 


14. If ai, a2, a3,... am, and Bi, Be, B3,--- Bn be the roots of the equa- 
tions 


U = (a, a1, a2, ...a@m)(z,1)™=0, and V = (bo, bi, b2,..- dn) (x, 1)" =9; 
from the simplest function of the differences of their roots, viz., (ap — Bg), it is 
required to derive a covariant of the system U and JV. 

This question will be solved if we express 


Mee rea ears 


in terms of the coefficients of U and V. 
For this purpose we have 


> SEE ce’ Se a 1 B ~ 
2 ee bapa Po as 
and if U and V be written as homogeneous functions of x and y, 


1 ad log U a dlog U 
- =— &e. 
b rae de. | > agar dy ” 


Whence, substituting these values in the last equation, we have 


iia a _avav ava. 
uv> te 


x Fe 
an™ + 2D (an™) + 1.2 D* (an) + 2.3 


— ay) ( da dy, dy dx’ 


which is the Jacobian of Vand V. It eee be noticed also that the leading coef- 
ficient of J(U, V) is aod, — ayo. 
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15. To reduce the two cubics 


U = (a, 6, ¢, d) (a, y)®, V=(a’, v, ¢', a’) (2, y)§ 
to the forms 


1 dF 1dF 


O74 der i a¥ 


by means of a linear transformation 


@=AX+pY, y=rnX+w'y, 


the coefficients in which are to be determined in terms of the coefficients of the 
given cubics. 


Let F = (4, B, 0, D, EF) (X, VY}; 
then U = (a, 5, c, d) (x, y)? = (A, B, C, D) (X, Y), 
V = (@, 6,0’, d’) (x, y= (B, C, D, £)(X, Y)*. 
Now, substituting the differential symbols D,, — Dz for 2, y, and od Dy, - e Dr 


M M 
for X and Y in the Hessian of both forms of U, we find the operational equation 


aay De Dy* Dry Dy 

1 ; 
a b c = mM 7 B G ? 
b ie d B C D 


whence, operating on both forms of V, we have 


i aes on fee 
JY 
W(iz,y)=| @ 6 ec |a+]| a@ 6b e¢ Y= 
b det b c a 
Similarly, 
a ob c ee oe 


eye EOF FY izre4t ee Se C= 


re £ ie Aen 
where J is the ternary invariant of F. 
Again, since 
J J 

(Dy, — Dz) = ys Py and —w(D,, — Dz) = 3 Px 

performing the operation 
p (Dy, or Dz) Y(z, Y), or Y(Dy, — Dz) (2; Y)s 

on equivalent forms we have 


a be ake aoe go Fi boes: & 
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We are now in a position to determine the coefficients of F in terms of the coef- 
ficients of U and V. 
For we have from former equations 


toe oe 24. 8 
G=xlia 8 ¢. l=) «8° ¢ -\4, 
oe eae | Oe foe 3 
fe ae ie, see: 
Qy=-i| a bs e¢ gt+| a Bb ¢ ly; 
| a ae ae fees 


whence, substituting these values of x and y in U and V, we find 
Q3U = (Ao, Bo, Co, Do) (¢, ¥)%, 


Q°V = (Bo, Co, Do, £ 3 
and, therefore, (Bo, Co, Do, Eo) (9, ¥)°, 


1 dF, 1 dF 
QU= ri ip’ Oy = Z ar where Fo = (Ao, Bo, Co, Do, Eo) (9; ys; 


ie Bile Die 
16. Determine the invariants of Fo in the preceding example. 
We have, from the equations of Ex. 15, 
JO=> MJ, and J*l= MH; 
and, substituting differential symbols for z, y and X, Y in both forms of V, and 
operating on U, we find 


, , ’ , Ps 
P=ad'— dd — 3(be — ve) =F 
which equation, along with the equation Q = ce enables us by previous results to 
express Jo and Jo in terms of P and Q in the following way :— 
Lo = ra. and Jo = Q5. 
17. Prove that the resultant of the cubics U, V of Ex. 15 is P?— 27Q, where 
Pand Q have the same signification as in the preceding examples. 
From the results of Ex. 16 we derive the equations 
I? 2 PS 
Je Jt Q’ 
from which it follows that when I? = 2772, we have P? = 27Q; but the first rela- 
tion holds when Fhas a square factor, which necessitates Vand V having a common 
factor ; whence we infer that P* — 27Q, being of the proper degree and weight, is 
the resultant of the cubics U and V. 
18. Prove that if it be possible to determine « so that U+«V should be a perfect 
cube, the relation Q= 0 must hold among the coefficients of the cubics; and,that 
in this case the transformation of Ex. 15 fails. 
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The transformation plainly fails when Q = 0, for the values of X and Y become 
then identical. If U+«V bea perfect cube the derived functions with regard to 
x and y vanish simultaneously ; whence we have the equations 

ate b+Kh e+ ne 


biel ¢4+ed dteud’ 


Equating these fractions separately to — x’, we find the equations 
a+na’+ xb +xKr'b’=0, 
64+ «b’ + K’c+KnK'c’ = 0, 
e+e +Knd +xnk’d’=0; 


and solving for x, x’, xx’, we may eliminate them, and thus find the condition that 
U+«V be a perfect cube in the form 


en: 2 ) fie see Xd ” oe dees S26 2 
or errh -t eo a 8 6 6Ute6 
Gk ¥F book. ad t 66&hUd | ew fae 


Or, eliminating « and x? without introducing x’, we have from the above equa- 
tions another form for Q, viz., 
ac — 5 ac’ + a’e — 2bb’ a’c’ — hb” 
ad — be ad’+add—be'—b'e a'd’-J'e |e 
bd — c* bd’ + b'd — ec’ ba’ — ¢ 
19. Prove that the quartic 
F (2; y) = (4, 4, ¢, d, e) (a, y)* 


may be reduced by a linear transformation *=aAX+pY, y=AX+yn'Y to the 
form 
F(a, v’) X44 f(u, uw’) V4 + 6p? X? Y?, 


where 
4p? -—Ip+J=0, Madp'-Nb. 


. J ° A . 
20. Retaining the notation of the last example, prove that ri, and La are conju- 
bb 


gate roots of the sextic covariant of the quartic. 

21. Prove that the common factors of two quantics are double factors of their 
Jacobian J(U, V), when the quantics are of the same degree. 

22. Prove that the 2(— 1) double factors of 707 +mV, obtained by varying 
Z and m, are the factors of J(U,V), where U and V are both of the n‘* degree. 


23. Find the resultant of two cubics U and V by eliminating between 


aJ(0,V)_, ad (U,V) _ 


U=0, V=0, —7—=0. 2 0 
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COVARIANTS AND INVARIANTS OF THE QUADRATIC, CUBIC, 
AND QUARTIC. 


162. The Quadratie.—The quadratic has only one inva- 
riant, and no covariant other than the quadratic itself. | 
For, if a and £ be the roots of the quadratic equation 


U = ax’ + 2be+c=0, 


the only functions of their difference which can lead to an inva- 
riant or covariant are powers of a— B of the type (a—- 3)”; the 
odd powers of a — (3 not being expressible by the coefficients in 
a rational form. Whence, expressing 

U (— __! ae 


a-xz [3-a 


by the coefficients, we conclude that the quadratic has only the 
one distinct invariant ac — 6’, and no covariant distinct from U 
itself. 

163. The Cubie and its Covariants.—In the present 
Article the covariants of the cubic will be discussed as examples 
of the principles already explained, and in the following Article 
the definite number of covariants and invariants will be deter- 
mined. 

In the case of the cubic a covariant is obtained from a 
function of the differences of the roots most simply by sub- 
stituting 

By + ax, ya+t Bx, af3 + yz for — a, — 3, —-Y> 
and thus avoiding fractions; for, transforming a — 3, we have 


EE: _ — (By + ax) + (ya + Be) | 
a-« B-2 (#-a)(¢-B)(@-y) ’ 


nl 
ee 
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and when fractions are removed we arrive at the above trans- 
formation (the order being equal to the weight in the case of 
either function of the differences H or G). This mode of trans- 
forming functions of the differences will now be applied to the 
covariants of the cubic. 

(1). The Quadratic Covariant, or Hessian, H,. 


Transforming both sides of the equation 


Ay” (a + wf +w’y) (a+ w'B + wy) -9 (a,? — doa), 
we have 
a {(a+ wht wy) e+ By + wya+ waP} 
me {(a+ wf + wy) e+ By + w ya + wad} - 9(U/- U;0;,); 
thus showing that 


Ie+I, and Ur+ Mm (See Art. 59.) 
are the factors of 


Hz = (tz — a") + (dy Ag — 1 Aa) & + (A, 3 — a”), 
where | 
In =By +wyat+w'aB, M=By +o’ ya+ wafs. 


From the form of the Hessian in terms of the roots in Art. 151, 
or from the relations of Art. 43, we conclude that when a cubic 
is a perfect cube, each of the coefficients of the Hessian vanishes 
identically. 

(2). The Cubic Covariant, G. 

We have, as in Art. 59, 
4) {(a + w+ wy)? + (a+ 0B + wy)’} =— 27 (do's + 2a,° — 3a) a, a2). 


Transforming both sides of this equation as before, we find 
a’ { (Le + L,)°+ (Ma + M,)*} = -27(WU + 2U3 - 30,020) 
= 274, 
where G,, denotes the covariant formed from the function of dif- 
ferences G; and operating as in Art. 153 on the source derived 


from G (the sign being changed in order that G may be the 
leading coefficient), we easily obtain 


Ge = (Ap? ds — 8A Ay Az + 2a,*) 2? + 8 (dois + Ai", — 2aya,”) x? 
— (d3’ dy — Baga, + 2ay®) — 8 (gdzo + A2'Q, — 23a") &. 
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Resolving (Zax + L,)* + (Mz +h)’, we may obtain the factors 
of G,; or, more simply, since the factors of G are 3 + y — 2a, 
y+a- 26, a+ B—- 2y, the factors of G, are 


1 1 2 1 1 2 1 1 2 
Boa veri ae Noe Gee ee co 6-2) ao 
when fractions are removed. 

We have obviously the following geometrical interpretation 
of the equation G, =0:—If three points A, B, C determined by 
the equation U = 0 be taken on a right line; and three points 
A’, B’, C’, such that A’ is the harmonic conjugate of A with 
regard to B and C; B’ of B with regard to Cand A; and C”’ 
of C with regard to A and B; then the points A’, B’, C’ are 
determined by the equation G,=0. (Compare Ex. 13, p. 88, 
and Ex., Art. 65.) 


(3). Expression of the Cubic as the differ ence of two cubes. 
This can be effected, by means of the factors of the Hessian, 
as follows :— 


(Le + Ly)? — (Mar + NM, = 27 aN 
For, as in Ex. 6, p. 114, we have 
= /- 27 (B - )(y- 4) (a-). 
Transforming this equation as before, the first side becomes 
(Lx + Iy)* - (Ma + Mh), 
and the second side 


/— 27 (B -y)(y - a) (a— B)(w- a) (w@-B) (e- 7). 


Substituting from previous equations, we have 


USA. 


Ay 


(La + L,)*— (Mx + M,)* = a / OP 4H = 27 


(4). Relation between the Cubic and its Covariants. 
The following relation exists :— 


G,’ + 4H? = a0’. 
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For, from Ex. 6, p. 114, 
a (B-y)*(y-a)* (a-B)*=-27 (G+ 4%) =- 273A, 
and transforming this equation as before, 
as (3 — 9)" (y- 4)" (a-B)*(0~ a)*(v- B)* (ey)! =-27 (4.24412); 
whence AU’= G+ 4H;'. 
(5). Solution of the Cubic. 
The expression 


(T/A + G,)b+ (USK - G,)8 


is a linear factor of U. 
For, from the relations in (2) and (3), we have 


Qa. (Le + L,)'= 27(U./a — G,), 
— = 2a3 (Mx + M,)? = 27(U/2 + ao 
(La + In) “ (Mx > M;) 


~ and since 


is a factor of U, the proposition follows. 
This form of solution of the cubic is due to Prof. Cayley. 
164. Number of Covariants and Invariants of the 
Cubie.—The following method of determining the number 
of covariants and invariants of the cubic is similar to that 
employed by Professor Cayley for the same purpose :— 


The cubic has only two covariants, their leading terms being 
HT and G ; and only one invariant, viz., the discriminant A, where 


WA=G’*?+4H*, or A=a'd’ + 4ac — 6abed + 4d 6° - 30' c’. 


To prove this, let ¢(a, 8, y) be any integral symmetric 
function of the differences of the roots (of order a), expressible 
by the coefficients in a rational form. 


We have then aay 36), 
"a, B, y) = F(a, H, G) (1) 
(where r remains to be determined); and, in the first place, if 
be an even function of the roots, G can enter this equation in 


even powers only, since H is an even function of the roots. 
2B 
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Eliminating the even powers of G by means of the relation 
G?+4H* =a 


we show therefore that in the case of an even function of the 
roots equation (1) takes the form 


a’ (a, B, y) = F(a, H, A), 
which may be written ° 


a* (a, B, y) = Lo (a, H, A) + 34 — “8 et Me ests 


(2) 
where a is the order of ¢(a, 9, y), and F, an ia function. 

It is now necessary to prove the following Lemma :— 

No function of H and A exists which is divisible by a. 
For, suppose F,(H, A) to be divisible by a; then making a 
vanish, we have 

F,,(H’, A’) = 0, 

where H’ =- 8%, A’=4d0* — 30’c’, the values of H and A when 
a vanishes. This equation is plainly impossible ; for, eliminat- 
ing 6 by means of the equation H’ = — 0’, ¢c and d remain in the 
equation connecting H’ and A’. 

Wherefore equation (2) must assume the form 


a” (a, B, y) = Fo(a, H, A); 


for the first side of the equation is expressible as an integral 
function of the coefficients; therefore so must the second side 
also, and consequently the fractional part disappears. 

Now, to extend this result to odd functions of the roots, we 
have only to multiply the first side of the equation by 


a’ (2a - B — y)(28 -y-a)(2y-a-B), 
and the second side by 27G, for;G must be a factor of every odd 
function, since H is even. 
We are now in a‘position to prove the original proposition 
as to the number of invariants and covariants. For since a” @ 


is of the form 
GF (a, H, A), or F (a, H, A), 


according as @ is an odd or even function of the roots, it follows 
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in the first place that there cannot be an invariant of an odd 
degree in the roots, since GF'(a, H, A) does not remain the 
same function when a, 0, c, d are changed into d, ¢, 3b, a, 
respectively ; and the only invariant of an even degree must be 
a power of A, since if F(a, H, A) contained a or H besides A, it 
could not remain the same function when the coefficients are 
similarly interchanged, 

Again, the cubic has only two distinct covariants; for it has 
been proved that every function of the differences a*@ is of one 
of the forms 


F(a, H, A), or GF (a, H, A). 


Now, considering these forms as the leading terms of cova- 
riants, every covariant must be expressible as 


MUG, Ho, 4), or Ga FU, HA): 


that is, every covariant is expressible in a rational and integral 
form in terms of H, and G,, along with U and A; or in other 
words, there are only two distinct covariants. 


165. The Quartic. Its Covariants and Invariants,— 
We have shown already that the quartic has two invariants, I 
and J (see Art.151). From the functions H and G of the diffe- 
rences of the roots we can derive two covariants H, and G,,, 
whose leading coefficients are H and G; for from the relation 


ay? & (a — B)? = 48 (aya, — a,”) 
we derive, by the process of Art 151, 
ay & (a — (3) (w - y)* (# - 8)? = 48(UU, - U3); 
and, expanding UU,-U;*, we have 
ET, = (Gz — ;) at + 2 (ys — A, a) a + (Ap dy + 2a, a5 — 3a,*\x* 
+ 2 (dds — A243) & + (ded, — a;”). 
In a similar manner, since 


G = Ap” As + 2a,° -_ BM) A, Ary 
2B2 
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we obtain the covariant 
- G,=W0U,+203- 3U0,0,, 


which reduces to the sixth degree; and if it be written as 
follows :— 


G, = Aya’ + Ai + Anat + Ase? + Av’? + Asv + As, 


we find, by expanding the above, or more simply, by forming 
the source A,, and performing the successive operations of 
Art. 153, the following values of the coefficients :— 


A, =— dg, + 8A4A3A2—2a3, As=— Ae dy — 2a4A30, — 6a;3 a, + Yaza,’, 
A, ors 5A, As ay — 10a;7a, nF L5asa,.a,, ae tara 10a a," + 10a; a4, 
A, = 5AM, d4+ 10a,*a,— 15a 424s, a = Ag? a+ QapA As + 6aa2-9aya.’, 


Ay = Ag? Ag — 8p A, de + 2a,5. 


Here it will be observed that, when A; is determined, 
A,, A,, and A, may be obtained from Ay, A;, and A, by 
changing the suffixes into their complementary values, and 
altering the sign of the whole, in accordance with what was 
proved in Art. 152. 

We proceed in the following Articles to discuss the leading 
properties of these two covariants of the quartic. 

166. Quadratic Factors of the Sextie Covariant,* 
G,.—As the quadratic factors of G, enter prominently into the 
following discussion, we proceed in the first place to find expres- 
sions for those factors in terms of the roots of the quartic, and to 
deduce their principal properties. 

Since the factors of G, expressed in terms of a, 3, y, 9, are 


B+y-a-6, y+a-B-8, a+PB-y-9, 


the factors of G, are obtained from these by substituting 
1 1 1 1 


r-a 2-3 x-y «-8 


for a, B, y, 6, respectively, and mul- 


tiplying each factor by ee to remove fractions. 


* See a Paper by Prof. Ball, Quarterly Journal of Mathematics, vol. Vii. p. 368. 
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Whence, denoting these factors by uw, v, w, we have 


1 1 1 1 
a U(=5+ ty =a) 


] i 1 1 
a - U(— + + 5) (1) 


which valuesjof wu, v, w, arranged in powers of 2, are 

u = (B+ y-—a—0)a*- 2(By — ad)x + By(a + 8)- a8(B+y), 

v= (y+ a-B-8)a’- 2(ya - Bd)x+ ya(B+8)-B8(y +4), SE (2) 
w= (a +B—y—8)a*- 2(aB — 8)v + a3(y +8) — y8(a +P); 


and, consequently, 32G, = auvw. 
From equations (1) we easily find 


v = (a-8)(x#-B)(e-y) - (B- y)(e- a)(z- 0), 
w= (a—0)(%-B)(e-y) + (B-y)(@ -a)(#-9); 
and from these and similar equations we have 


v-w w-v’ we-w UO 
py rey Ce Wart (3) 


where A, uv, v have the usual meaning (Ex. 17, Art. 27); and 


consequently, 
(u-—v)u?+(v—A)v?+(A-p)w’=0; 
whence 


—(u-v)ws (w./A— pt vf A—v)(wa/d — p—- 0 A-v). 


Since, as this equation shows, the factors on the second side 
are both perfect squares, we may assume 


wif rA—i + Vif X— vm Qu;’, 


wefd—p-0Ji-—v = 2u2; 
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we have, therefore, 
wa/rA—p = Uy? + Ue’, 
0/A-v= ti — te, 
Uf v—p = Wit; 


from which values we conclude that u, v, w, the quadratic factors 
of Gr, are mutually harmonic. 


167. Expression of the Hessian by the Quadratic 
Factors of G,.—Since 


- 4827 = B(a-B)*(e- 7) (ea) 


combining the terms in pairs,and noticing that 
—-B(B-7)(a-8) T= 0, 
S(a — BP (w— y} (e— 8)? 
= 2{(B-y)(%-a)(e— 8) + (a-8)(@-B)(@-)}’, 


the quantities between brackets being uw, 7, w, we have 
- 48 — =W+0+ wu’, 


which is the required expression for H,. 


168. Expression of the Quartic itself by the Qua- 
dratic Factors of G,.—From equations (3) a symmetrical 
value may be obtained for U; for, substituting in those equa- 
tions in place of A, wu, v their values in terms of the roots 
Piy P2 ps Of the equation 4p°- Jo + J=0, we find 


a’ (v* — w*)=16(p2- ps) U, a*(w’ - u*) = 16(0;- 1) U, 
a’(u? — v*) = 16 (p: - p2) U, 


from which equations, by means of the value of H, in the pre- 
eeding Article, we obtain 


(au)*=16(p,0- Hz), (a)'=16 (0-H), (4) 
(aw)? = 16 (p;U— H,). 
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We now[make the substitutions 
“u= A, X*, v=A,Y’, u= A; 2", 


where A,, A,, A; are the discriminants of wu, v, w; thus replacing 
u,v, w by three quadratics X, Y, Z whose discriminants are 
each equal to unity. By means of this transformation the 
for ms of the quadratics are further fixed, and the identical re- 
lation connecting their squares (see (1), Ex. 5, p. 861) is ex- 


pressed in its simplest form. Calculating the discriminants, we 
find 


A, = (8 + y-a-8) (By (a +8) - ya(B +8)) - (By—a8)', 
with similar values of A, and A;; whence we have 
pA 9)).Aer-(G-¥)(u-), 4:=- Op) 
Making these substitutions, the preceding equations become 
(pi — p2)(e1 - ps) X* = Hz - pV, 
(92 — ps) (p2 - pi) Y*= H, - pid, (5) 
(ps — pi) (ps — pz) 4° = Hz — p;U; 


from which are easily deduced the following values of U and 
H,, and the identical equation connecting X, Y, 7:— 


H, = p° X* + p? Y* + p32", 
—-U=p,X*+p,Y’+ p32’, (6) 
0=X?+ Y*+ 2’; 
where, as has been proved, X, Y, Z are three mutually harmonic 
quadratics whose discriminants are reduced to unity in each case. 


The value of G, may be expressed in terms of X, Y, Z as fol- 


lows. Since 


wo = (u—v)(v- =p) EV =e (P-L, 


we easily find 


Gowda / Lah, KS 
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169. Resolution of the Quartic.—From the equations 
-U =p, X* + p, VY’ + ps2’, 
O= X*+ Y?+ 2’, 
we find 
U = (pi-p2) Y*+ (p1-ps) 2°, U=(o2- ps) Z°+ (p2— pi) X’, 
U = (0s — pi) X*+ (03— px) Y*, 
where X’, Y’, Z’ have the values determined by equations (5) ; 
and breaking up these values of U into their factors, we have 
three ways of resolving U depending on the solution of the 
equation 
4p°-Ip + J=0. 
The resolution of the quartic has been presented by Pro- 
fessor Cayley in a symmetrical form which may be easily 


derived from the expressions already given for U and H,. 
For, since in general 


Lax? + 2b, xy + oy’) + m(a,2 + 2b,vy + ey”) +n (asa? + 2bsay + cy’) 
is a perfect square when 
X/? (aye, — by”) + Tmn (azC3+ dzC,— 20,63) = 0, 
IX+mY+nZis a perfect square when 7? + m?+n’=0, 


X, Y, Z being mutually harmonic, and the discriminants of each 
reduced to unity. 

The resolution of U is therefore reduced to finding values of 
1, m, n such that 7X + mY + nZ, or 


Lf pr—ps/ Hr - piU + m/ps— pir He - pr0 


+ 0 pr ~ prr/ He — ps, 
being a perfect square, may vanish when!U vanishes; or in fact 
to satisfy the two equations | 


L./ po — ps + mr/ ps— pi +nJ/pi-pr=0, +m +n?= 0. 
These equations are plainly satisfied if 


l m n 


— 


JV p2—-ps Ps — P1 Pi P2 


b 
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whence, finally, 
»— ps) / He — pi U + (ps— p:) He - pi + (p1- ps) Hz - psU 


is the square of a linear factor of the quartic U. 
If it be required to resolve the quartic «UV — \H,, it appears 
in a similar manner that 


L/ p2— 03 -/ He — pi + ms/p3- pir/ Hz - prU 
+2 /pi- pr V/ Hz - 


being a perfect square, must vanish when «U - AH; vanishes; 
or, values of J, m, » must be determined so as to satisfy the 
equations 


P+m+n?=0, 


14/ (p2-ps) («—pid) + 4/ (p3— pr) (K— pad) +V/ (pip) (k— psd) = O- 


These equations are plainly satisfied if 


l m hc 


V (p2- ps) («= pid) . V (p3— pi) (k - p2A) peg p2)(K- psd)” 


whence 
— 3) A k-pir./Hz-piU+ (ps — pr) / k — prdA/ He - pr 


— pr) fk = psrJ/ Hz — psU 


is the square of a linear factor of «U — \H;. 

170. The Envariants and Covariants of «U — \H:z. 
—Employing the equations (6) of Art. 168, and denoting 
X*+Y*+ Z* by V,we may, by adding - ACT to AH, — «VU, 
reduce it to the form R,X?+ R,Y’+ R,Z*, where R, + R.+ R,=9. 


When this is done, we have the following reduced values of 
£,, fi, R; — 


3k, = k (2p, i. ps) - A (2p2p3 — P31 — P1p2) 


3A, = «(2p2 — ps — pr) + A (2pspi — pips — p2Ps)s 
BBs = «(ps — pi — px) + A (2pip2 — pops — Pspr)- 


' 
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On account of the similarity of the forms 
pix’ + p2Y* + p3Z and yA. Sy + R,Y? + RZ’, 


which are of a fixed type, we calculate the invariants and cova- 

riants of kU-— AH, by simply changing pi, p2, p; into Ri, R., Rs 

in the expressions for the invariants and covariants of U. 
Therefore, since 


I = 3{(e2— ps)’ + (es — pi)’ + (pi—p2)"},  T=—4piprps, 
R,-— Rs=(p2-ps)(«-Ap:), Rs — Bi=(ps—pi)(«—- Ape), 
Ry — Ra = (pi — pa) («— Aps), 


we find the following values for the invariants of kU-AH, :— 


and 


2 


rs 
PAN) = Ik’? — 80K + 1p” 


db IJ 54J°-T* 
egy oh | puerta ete ae 
Jix,ry= Ik 6 * A+ q KA 216 


If we form the covariants H,,,), and Gi, a), of 
40 = 4° — kd? + Jd 


(the reducing cubic rendered homogeneous in x, A), we find, 
as M. Hermite has remarked, 


Tix, = — 12 Hier) Tea) = 4G, a) 


r?: 


Again, to calculate the Hessian of kU -AH,, we reduce 


R?X?+ RY? + RZ? 
by the substitutions 


prX&*+ pi ¥*+ pxZ”? =-1(1U+ JV) =- LIU, 
pi X?+ pi Y*+p'Z’= 1(1H,+JV), 

the first of which follows from the equations 
pr = popst zl, p= pspit zl, ps’ =pip.t+ 44, 


multiplying by p,X’, p2Y’, p;Z’, respectively ; and the second 
from the first by changing X’, Y*, Z? into pi X’, p2Y’, p;Z’. 
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In this way we find the following form for the Hessian of 


1 res ee al 


which may be expressed in the form 


1 dQ, 
3 fl - a 
Again, since 


T° — 27 J* = 16 (p2— ps)” (es — pr)” (pr - p2)’s 
and G, = 1o/T—27J*. XYZ; 
transforming i, p2,p; into R, R., R;, we find 

Tee, a) — 27S (en) = Q? (IL? - 270"), Ge aye = AG. 


We have therefore expressed the invariants and covariants 
of kU — XH, in terms of the invariants and covariants of U. 


171. Number of Covariants and Invariants of the 
Quartie.— We proceed to prove the following proposition, 
which determines the number of these functions :— 

The quartic has only the two distinct invariants I and J, and 
two distinct covariants whose leading coefficients are H and G. 

This proposition asserts that every invariant is a rational and 
integral function of J and J, and every covariant a rational and 
integral function of U, H,, G,,J, J. The following discussion 
is founded on principles similar to those already employed in 
the case of the cubic. 

Attending to the observations in Arts. 36, 37, it is plain 
that if ¢ (a, 3, y, 8) be any integral function of the differences 
of the roots expressible by the coefficients in a rational form, we 


have, in general, considering the equation with the second term 
removed, 
a’ » (a, B, y, 8) = F(a, H, J, G), 


where F is a rational and integral function, and r remains to be 
determined. 
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And if, in the first place, ¢ be an odd function of the roots; 


changing their signs, and subtracting the two values of ¢, we 


find 
2a"? (a, 3, y, 8) =F (a, H, I, 4) - F(a, H, I, - G). 


This value of ¢ plainly vanishes with G; whence, eliminat- 
ing the powers of G beyond the first by the identical equation 
of Art. 37, we have 


a’ (a, B, y, 8) = GF(a, H, I, J). 


It follows that every odd function ¢ of the differences of 
the roots is divisible by 


(8+y-a-8)(y+a-f-8)(a+B-y-8); 


and removing this factor on the first side of the equation, and 


aa on the second side, we have 
ad, (a, B; Y °F) an F, (a, i, Fé J), 


where ¢, is an even function of the roots, and F’, a rational and 
integral function. 

We proceed to prove, in the second place, if (a, PB, y, 8) 
be any even integral function of the differences of the roots, of 
the order a, expressible by the coefficients in a rational form, 
that a*(a, 3, y, 6) can be expressed as a rational and integral 
function of a, H, J, J. 

To prove this, the following lemma is necessary :— 

There exists no function of H, I, J which is divisible by a. For, 
suppose F’(H, I, J) to be divisible by a. Making a vanish, we 
have F(H’,I',J’)=0, where H’=-0’*, I’=-4bd+ 38’, 
J’ = 2bed — eb’ - c* (the values of H, I, J, whena = 0); and as 
it is impossible to eliminate 8, c, d, e, so as to obtain a relation 
between H’, I’, J’, we conclude that no relation such as 
F(H’, I’, J’) = 0 exists; and therefore there is no function of 
the form /’'(H, I, J) which is divisible by a. 

We now proceed with the proof of the proposition ; and 
since, as has been already proved in the case of an even function 


of the roots, 
ao (a, B, y, 6) = F(a, A, I, J), 
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we have, dividing by a’, 


F,(H, I, J 
094 By 1s 3)= Fila HL, J)+ BED), 

Again, since the first side of this equation is expressible as a 
rational and integral function of the coefficients not divisible by 
a, the second side must be a similar function of the coefficients ; 


and this, by the lemma just established, is impossible unless such 


ee, 1, J}... 
disappear. 


terms as = 


Wherefore 
apa, B, y, 8) = Fio(a, H, J, J); 


and, finally, we have proved that a*(a, (3, y, 6) may be ex- 
pressed by the forms 


GF(a,H,I, J), or F(a, H, I,J), 


according as ¢ is odd or even. 

We are now in a position to prove the original proposi- 
tion as to the number of invariants and covariants. For, if 
F(a, H, I, J) be an invariant, a and H must disappear, since 
if they were present this function could not remain the same 
when the coefficients are written in direct or reverse order. Simi- 
larly, no odd function such as G'(a, H, J, J) can give an in- 
variant. It follows that every invariant is a function of Jand J. 

Again, the quartic has only two distinct covariants; for we 
have proved that every function of the differences a7 is of one 
of the forms 


F(a,H,I,J) or GF(a, H, I, J). 


Now, considering these forms as the leading terms of cova- 
riants, it has been proved that every covariant is expressible as 


PG. Hi, J)... GFU, H,, £7); 


that is, every covariant is expressible in terms of H, and G,, 
along with U, J, and J; and this is the proposition which 
was required to be proved. 
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MiscELLANEOUS EXAMPLES. 


1. If U be any cubic, and G, its cubic covariant, prove that the Hessian of 
AU + uGz has the same roots as the Hessian of U, A and uw being constants. 


2. If ai, Bi, yi be the roots of G, = 0, prove that 


d 


(2+ 5+) ote, )-(2 Ld 
a i Bh gi(a1, Bi, yi) = iat gat qe) Om Bm 


where 
$(a, B, y) = pi(a1, Bi, 71) 3 
prove also that 
Sa, = 681 = 691 =— 1. 
3. Prove that any covariant of a quantic, whose roots are ai, a2, . ~~. an, Satis- 
fies the equation 
dp dp 


Sy ah eu 
za ei DSi Pp + iy’ 


where @ is the degree of ¢ in the coefficients of the quantic, and s; = 3a. 

4. Find the condition in terms of the coefficients that two cubics Vand V should 
determine a system in involution, the roots of one cubic being the conjugates of the 
roots of the other. 

In this case the cubics may be written under the following form :— 


U = ax? + 3bx? + 3cx + d, 
V = dx? + 8xcx? + 3x? ba + Ka; 


-also, writing the discriminant of pU + V in general in the form 


ptD + pM + p?-N+ pM’ + D’=0, 
we find in this case 
M=°M, D'=«xtD; 


whence the required condition is DM’?— D'M?=0. 
(For this condition expressed in terms of the roots see Ex. 10, p. 344). 


5. Given 
U = (a, 6, ¢, @) (x, y%, Vea (’, B’, ¢, ad’) (x, y)°, 


find the relation which connects the coefficients of these cubics when it is possible 
to determine the ratio A: 4, so that AU + wV should be a perfect cube. 
In this case the Hessian of AU + «V must vanish identically; and writing it 
under the two forms 
A? Het Ap Ket we’ = Lx? + Mary + Ny’, 


where 
Ky, = (ae + We — 2b) x* + (ad’ + a'd — be’ — Uc) xy + (bd! + W'd — 2c’) y?, 


-~we have 
L=%, M=0,- N20; 
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and elimination A’, Au, uw? from these equations, the condition is obtained in the 
following form :— 


ac - b ad — be bd — 
ae +a'c—2bb' ad’+a'd—be —b'e bd’ + 'd-2e’ |= Q=0. 
a’c’ — 5’ ad’ — Ve! b'd’ — ¢? 


6. Given two cubics, f(x) and (zx), the roots of f(x) being a, B, y (no two of 
which are equal) ; prove that Q = 0 when the roots are connected by the relation 


(B—y) / (a) + (y—@)4/ (8) + (a - 8) 4/ (7) = 0. 
Rationalizing, we have 


(B—y)>p(a) + (y — a) (8) + (a—B)>(y))3_ ae 


also, since 
% (a +A)(B—y)? = 3(a+A)(B + A)(y +A) (B— 7) (y—4@) (2-8), 
comparing the coefficients of the different powers of A we can render the last equa- 


tion an integral function of the roots, which again, expressed in terms of the coef- 
ficients, takes the form 


{3P}§— 27(P3— 27Q)=0, or Q=0. 


7. Ifta quantic have a square factor, prove that the same square factor enters 
its Hessian. 


8. If a quartic have a square factor, the covariant G, has that factor as a quin- 
tuple factor. 
9. If f(x) and #(«) be two quartics with unequal roots, the roots of f(x) being 


a, B, y, 5; prove that the condition that a quartic of the system Af(x) + u(x) can 
have two square factors may be expressed as follows :— 


la @& f(a) 
1 B B® /¢(8) 
ly Y Soy) 
5 (8) 


10. Determine the condition in terms of the coefficients that the quartic 
af (x) + up (x) may have two square factors. 

"In this case the Hessian of af (x) + u(x) is equal to « {Af(x) + up (v)}, from 
which identity we have five equations to eliminate a2, Au, pw, KA, ku; thus 
obtaining an invariant Ji4 of the fourth degree in the coefficients of both equa- 
tions. 


— 
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11. Prove that the resultant of two quartics becomes a perfect square when the 
invariant I44 vanishes. 

Rendering rational the determinant in Ex. 9, and dividing by the product of 
the squares of the differences of the roots, we find, introducing the coefficients, 


Is = Ly: — 64R; whence, &c., &e. 


12. Prove that the sextic covariant Gz of the quantic o(z) may be written 
under the form 


{¢ (oye 


13. Applying the principles of Art. 171, determine the form of the sextic cova- 
riant of the quartic AU + wHz. 


14. Calculate the values of H, J, G, J for the Hessian of a quartic. 


ea at eh Je 
Ans. H = oS ae P= G ome EL P i ~~ Gin oe 


15. A function ¢ of the differences of the roots of the equation 
(a, a4, @2,..- An) (%, 1)"=0 
arranged in powers of a, being 


-p—l 
BS Apy.2 Gy? + 2 + Anan? ; 


>= Ay + pAy1in +? 


prove that DA; =— ”an1jAj1, and hence show that if W(ao, a1, a2, ... ar) 18 & 
function of the differences so also is (do, Ai, dz,... Ar). 


16. If the discriminant of a biquadratic be written under the form 
(Ao, -A1, Az, As) (a4, 1)5, 
prove that the discriminant of this cubic is 
27? G? A33, 
where Az is the discriminant of (a, a1, a2, a3) (a, 1)%. 


17. Form the equation whose roots are 


p(a1), (a2), (as), ..- Plan), 


where a, az, a3, .-. am are the roots of f(x) =0, the resultant R of f(x) and (zx) 
being given. - 

Change the last coefficient dm of »(x) into dm — p, and substitute this value for 
bm in the equation R = 0. 


CRAPTER XVL 
TRANSFORMATIONS. 
Sxction I.—TscH1RNHAUSEN’s T'RANSFORMATION. 


172. Under the general heading of this Chapter we purpose 
collecting several propositions which could not have been con- 
veniently given elsewhere, and which are of importance in 
connexion with the subjects discussed in the foregoing pages. 
We commence with a general theorem relating to rational 
transformations. 

TWheorem.— The most general rational algebraic transforma- 
tion of a root of an equation of the n™ degree can be reduced to an 
integral transformation of the degree n—1 at most. 

For every rational function of a root a, of the equation 
F («) = 0 is of the form 

x (ar) 

¥ (ar)’ 
where x and y are integral functions ; also 
X (ar) _ ae Sp ahaa +E (ara) (arn). +. + Pan) 
W(a ie W(ai) p (a) 5 tee ta BL Pp (an-1) W(an)’ 


and the denominator w(a:) {(az)... P(an), being a symmetric 
function of the roots of f(x) = 0, can be Saat as a rational 


function of the coefficients. Whence *\%” is reduced to an in- 


¥ se) 
tegral form. 
Moreover, the numerator of the former fraction is a sym- 


metric function of the roots of the equation = Je : 


consequently be expressed as a rational firigbicn of the coef- 
ficients of that equation; that is, in terms of a, and the coef- 


ficients of f(z). 


= 0, and may 


2c 
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x (ar) 
b(ar) 


Now, denoting by F(a,) this integral form of , we have 


by division | 

F (ar) = Qf(ar) + $ (ar) = 9 (ar), 
where ¢(a,) does not exceed the degree »-1; which proves the 
proposition. 

In the particular cases of the quadratic and cubic it follows 
that the most general rational function of a root can be reduced 
to a linear function, and a quadratic function of that root, 
respectively. In the case of the cubic this quadratic function 
may be reduced to another form which is often useful, as fol- 
lows :—Denoting the quadratic function by (0), and dividing 
the cubic f(0) by ~(0), we have 


F(9) = (Go +18) P(9) +704 10 = 0 5 
proving that 
ed "0. 


yp (0) = Go+ 0° 


whence it appears that the most general transformation of a root 
of a cubic may be reduced to a homographic transformation. 

In connexion with the proposition here established it is easy 
to justify the remarks made in Arts 59, 66, relative to the solu- 
tions of the cubic and the biquadratic equations. With this 
object in view, let ¢ and ~ be two rational functions of » quan- 
tities a), a2, ... a, (which may be considered as the roots of an 
equation), each having only p values when the roots are inter- 
changed in every way. Denoting these values of both functions — 
in order by 


Pir pry pay +++ Pps 
Lis Yo» Yo, + dp, 
we have, for every integer J, 
itr’ + probe + pss? +... + bpp’ = 75; 


a symmetric function of the roots, since it is the sum of all the 
possible values which ¢y/ can take. 
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In this way we obtain the system of equations 
pi + ge +h +...t@y = T,, 
giti + oot, + oss +... +o =T, 


Pip? + GopP + pspsP t+... + bpp? = Tyr, 
where 7,, 71,... Zp are all symmetric functions of aj, a2, a3,... dn: 
Solving these equations, we find at once ¢, expressed as a 


symmetric function of yn, ~s,...%p1; and therefore by the 
present proposition reducible to a rational and integral function 


of ~, of the degree p —1, since £ has only p values considered as 


a function of aj,a:,...an. Now considering the special cases 
referred to—(1), when p =2, and n= 8, it is proved that a 
linear relation connects ¢ and y in terms of symmetric functions 
Of a1, a, a3; and (2), when p = 38, and n= 4,¢ and w are ina 


similar manner shown to be connected by a homographic 


relation. 
173. Formation of the Transformed Equation.—The 


transformation explained in the preceding Article was first em- 


ployed by Tschirnhausen for the reduction of the cubic and 
biquadratic. We proceed to explain the method of forming 


in general the equation whose roots are 


(a), $ (a2), $ (as), ge Po (an); 


where @() is a rational and integral function of # of the degree 
n—-1. 
Let h (@) = y+ Ae + Ae? +... +O, 0". 


Raising ¢() to the different powers 2, 3, ... in succession, and 


reducing the exponents of x in each case below » (by dividing 


by /(#) and retaining the remainder), we have 
9° = bo + bat b,x” + ey rae aia SR ater’ 


gp? = Co t+ e+ Cg +... + nie, 


~ 


gr=itherhe+....t hav. 
2c2 
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Substituting for 2 in these equations each of the roots of the 
equation f(z) = 0, and adding, we find, if S,, S., S;, &c., denote 
the sums of the powers of the roots of the required equation, 


Si = Ny + 181 + Ae8a+.... + Ana8nry 


S, = nb, “+ bis; + b28> 5 ee ee ic Ou Oats 


S,= nl, =e b, 8) + aes oe ee ere er eT Seer 


Now, expressing $1, 82... 8,1. in terms of the coefficients of 
F(x), we have S,, S.,...8, determined in terms of the coeffi- 
cients of g(x) and f(x); we are also enabled by Art. 133 to 
express the coefficients of the equation whose roots are (a), 
p(az),- + - @(an) in terms of S,, S., .. . S,, and therefore finally 
in terms of the coefficients of ¢(w) and f(x); thus theoretically 


the transformation is completed. 
174. Second Method of forming the Transformed 


Equation.—There is another way of finding the final equation 
in @ by elimination, which we now give. Since 


Ay — P+ Ae + Age +... + An 0" =0, 


if this equation be multiplied by a, x’, ...x"", and the expo- 
nents of w reduced below » by means of the equation /(x)=0, we 
have in all m equations to eliminate dialytically the n — 1 quan- 
tities 7, 2,... a". We thus obtain the transformed equation 
in the form of a determinant of the n™ order, ¢ entering into 
the diagonal constituents only. For example, if /(7)=«"- 1, 
we obtain the transformed equation in the following form :— 


Ao — ow) ay Ae . © An-1 
An-1 Ao iw a p Ay ° e An-2 
= 0, 


Although these methods of performing Tschirnhausen’s 
transformation appear simple, yet if they be applied to jar- 
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ticular cases the result usually appears in a complicated form. 
Professor Cayley, by choosing a form of the transformation 
suggested by M. Hermite, was enabled to take advantage of 
the theory of covariants, and thus to complete the transforma- 
tion for the cubic, quartic, and quintic. We shall content our- 
selves with showing in an elementary way how Professor Cayley’s 
results for the cubic and quartic may be obtained. 


175. Tschirnhausen’s Transformation applied to the 
Cubie.—Let the cubic equation 


aw + 3bx* + 8er+d=0 
be written under the form 
284+ 3He+G@=0; 
and let it be transformed by the substitution 
y=A+Kst 2’, 


If 2, z., ; be the roots of the cubic, and 7, y2, y; the correspond- 
ing values of y, we have 


Yo — Ys = (82 — %)(« — %1); 
Ys — Yi = (% — %1)(K — 2), (1) 
Yi. — Yo = (1 — &2)(« — 2s), 
and consequently, 
Qi — Ya — Ys = (Si — Sa — Bs) + (28283 — S381 — B1%2), 
Qy2— Ys — Yi = (282 — Bs — 81) + (28381 — Z182— 82%), (2) 
Qs — Yi — Yo = (283 — $1 — Se) K+ (2B By — Bp Bs — B51). 
Wherefore, if the equation in y with the second term removed be 
Y*+ 3H’'V+G=0, 
we have from equations (1) and (2) 


MH’ = H,,* .@oa @,, 
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where H, and G, are the Hessian and cubic covariant of 
“+ 8Hk+ G; 


and the transformation is therefore completed, since yi + Y2 + Ys 
can be easily determined. 

176. Tschirnhausen’s Transformation applied to 
the Quartic.—In this case we do not attempt to form directly 
the transformed quartic, but prove the following theorem, which 
shows how this transformation may be resolved into two others. 

Theorem.— 7schirnhausen’s transformation changes a quartic 
U into one having the same invariants as 1U + mH,, and therefore 
im general reducible to the latter form by linear transformation. 

To prove this, let the quartic 


w+ p+ poe? + psa t+ p= 0 
be transformed by the substitution 
Y = Apt Ae + Aet* + a2. 


If x, %2, 23, 2, be the roots of the quartic, and y, Y2, Ys, Ys 
the corresponding values of y, we have 


Y2—¥s = 4+ (a2 3 a3) + As (x," + UH3 + 3") 
V2 — X3 
7) o£ =a + Az (a a a4) + a (ay” + 0, U4 + a,°). 
0, — &% 


From these equations we proceed to show that 


(Y2— Ys) (Yi — Ys) 
(22 — @3) (#1 — 4) 


= Py+ Q (20s + 4), 


where P, and Q, involve the roots of the quartic symmetrically. 
In the first place, we find 
(a? + ay + x5") (ay? + aya, + UP) = p.® — Py pst Ps— Prd, 
where A has its usual value, viz., 77; + 9%; and secondly, since 


Ia? + Left's + as" = (a, + Xs)” — 2M, Ke., 
we find again 


(ata + as) (ay? + yay + UE) + (a1 + 4) (2? + als + W3") = Ps — Pip. + pir. 
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Finally, since the other terms in the product are obviously of 
the same form as P, + QA, we have proved that 


(Y2 ee Ys) (Y1 - Ys) 
5 alain 


(a2a3 + 2424) 5 
whence 
(Yo — Ys) (Yi — Ys) = (v — mw) (Po + Qod). 


Now, introducing 1, p2, p;, in place of A, uw, v, this and the 
similar equations preserve their forms; whence, altering P, and - 
Q, into similar quantities, we obtain the equations 


(yz — Ys) (yi - ys) = 4 (ps — 2) (P - Qpr), 
(ys — Y1) (Ys — Ys) = 4 (pr — ps) (P — Qpr), 
(<1 — Y2) (Ys— Ys) = 4 (2-1) (P — Ops); 
which lead at once to the invariants of the transformed quartic ; 


and comparing their values with the invariants of kU —- AH, 
given in Art. 170, the theorem follows at once. 


177. Reduction of the Cubic to a Binomial form by 
Tschirnhausen’s Transformation.—Let the cubic 


ax? + d3ba* + 3cx+d 
be reduced to the form y* — V by the transformation 
yY=qt pure’. 


If a, a, zs be the roots of the given cubic, and y, a root of 
the transformed cubic, we have the following equations to deter- 
mine p and g:— 


+ pnt+qd=N", 
Xo? + pl2+ 9 = wy 
te + pts t+ gq = wy; 
from which we find 
Ly + wit + w'Xs" 
Le + We + ws” 


qg=- 4 (82 + p&). 
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Adding 2, + #, +; to this value of p, we have 


Hes + WH3X, + 02 2o 


+2 ++ Us =- 
~P Ly + wil, + wt, , 


it follows (see Ex. 25, p. 57) that there are only two ways of 
completing this transformation, as the values of p, g ultimately 
depend on the solution of the Hessian of the cubic. 


178. Reduction of the Quartie to a Trinomial Form 
by Tschirnhausen’s Transformation.—Let the quartic 


axvt + 4ba* + Ger? + 4dr +e 


be reduced to the form y* + Py’ + Q, in which the second and 
fourth terms are absent, by the transformation 


Y=Qt+ prt x’, 

If x, x2, a3, x, be the roots of the quartic; also m, y. two 
distinct roots of the transformed quartic, we have the follow- 
ing equations to determine p and g:— 

a +pnt+q=Y, Ls” + Pls + J = Yr 


t+ Piet Q=-Y~y C+ Pat+gd=—- Yr} 


from which we find 


e+ 2," —2," - x” 


p= 


H+ %e—%3— Xs 
And, adding 2, + 2, + 7; + a to this value of py, we have 


2 (a2 —a'52%4) - 
Ut Xe—-L3z—-U% : 


PrUytey+e+ MH = 


hence, by Ex 5, p. 130, it follows that there are three ways of 
reducing the quartic to the proposed form, the determination of 
which ultimately depends on the solution of the reducing cubic 
of the quartic. 

179. Removal of the Second, Third, and Fourth 
Terms from an Equation of the nn Degree.— We begin 
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by proving the following proposition, which we shall subse- 
quently apply :— 

A homogeneous function V of the second degree in n quantities 
Wy, Lay Uyy «.. Ln CaN be expressed in general as the sum of n squares. 


To prove this, let V, arranged in powers of 2, take the fol- 
lowing form :— 


V =P,2;? + 2Qi%1 + Ri, 


where P, does not contain 1, %., ....2%n,3 also Q, and R, are 
linear and quadratic functions, respectively, of a, 23, ... 2p- 


We have then 


also, assuming 
te =f, meg team D te + 2Q222 + R,, 


where P, is a constant, and Q, and FR, do not contain 2, and 2, 
we have, similarly , 


ey i ie 
Vin (/ Pint $e) + Be Bs 


so that 
2 2 
re | ee age eae oe 
(V 1 of P; 22 if Px 2 i, 
Proceeding in this way, we arrive ultimately at Ay. - wi 


which is equal to P,,,”; and the proposition is proved. 
Now, returning to the original problem, let the equation be 


a” + po) + pat? +... + pn = 9; 


and, putting 
y = az + Bar + ya? t+ dts, 


let the transformed equation be 


y” + Qy"" + Qy"" Se a Qn a 0, 
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where, by Art. 173, Q:, Q., ... Q,,... are homogeneous functions 
of the first, second, ...7*" degrees in a, (3, y, 8, «. 
Now, if a, 8, y, 6, « can be determined so that 


Q, = 0, Q, = 0, Q; = 0, 


the problem will be solved. For this purpose, eliminating « from 
Q, and Q;, by substituting its value derived from Q, = 0, we 
obtain two homogeneous equations, 


R, = 0, R; = 0, 


of the second and third degrees in a, B, y, 5; and by the pro- 
position proved above we may write J, under the form 


w—-rtiw—?, 


which is satisfied by putting «=v and w=¢. From these 
simple equations we find y = /a + m3, and 6=/a+m; and 
substituting these values in Q; = 0, we have a cubic equation to 
determine the ratio (3: a. Whence, giving any one of the 
quantities a, 3, y, 8, « a definite value, the rest are determined, 
and the equation is reduced to the form 


y” + Qy"* + Qy7> +...+ Q, = 0. 


In a similar way we may remove the coefficients Q:, Q:, Qu 
by solving an equation of the fourth degree. 

Applying this method to the quintic, we may reduce it to 
either of the trinomial forms* 


2+ Pe+Q, w+ P2’?+Q; 
or again, changing 2 into :, to either of the forms 
+ “Pe + Q, a + Prt + Q. 


In this investigation we have followed M. Serret (see his 
Cours d’ Algébre Supérieure, Vol. I., Art. 192). 


* See Note A. 
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180. Reduction of the Quintic to the Sum of Three 
Fifth Powers.—This reduction can be effected by the solu- 
tion of an equation of the third degree, as we proceed to show. 


Let 
(do, Gy Ary As, A, Ms) (a, ¥)° = bi (a + Biy)> + b2 (w+ Boy)® + bs (a+ Psy)’, 
where 31, (2, 8; are the roots of the equation 
pst? + prt? + pe + po = 0. 
Now, comparing coefficients in the two forms of the quintic, 
=6b +6 +65 , m=5,8, + 63, + 0,3;, 
a = 0,31? + 6.3.7 + 0333’, a3 = 0,3,° + 0,3. + 0,(;°, 


a= b,(:" > 6,324 + b3(33', as = b,B.° =, ¢ b,[3.° + b,35° ; 
whence 
Pody + Pid, + P2d, + ps3 = 9, 


Pot, + Piz + Prd; + psd, = O, 
Doe + Pids + Pry + P35 = 0. 


When these equations are taken in conjunction with the 
equation | 
Po t+ Pit + pox? + pix = 0, 


we have the following equation to determine (3;, B:, 8; :— 


] x x x 
Ao ay Ae As 
= 0. 
ay As As as 
a2 a3 A as 


Also, b,, d:, 6; are determined by the equations 


b, + b. + bs = Qos 
6,31 + b.32 + b,(33 = ai, 
6,3," + b.[32" +. b;(33 = a2; 
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whence the question is completely solved when [3,, B:, 3; are 
known. 

This important transformation of the quintic is a particular 
case of the following general theorem due to Dr. Sylvester :— 


Any homogeneous function of x, y, of the degree 2n — 1, can be 
reduced to the form 


b, (@ + Bry)? + bo(@ + Bry) +...4+ On (a+ Bry)” 


by the solution of an equation of the nt” degree. 
The proof of the general theorem is exactly similar to that 
above given for the case of the quintic. 


181. Quarties Transformable into each other.— We 
proceed to determine under what conditions two quartics can be 
transformed, the one into the other, by linear transformation. 


Let the quartics be 


U=(a, 6, ¢, d, e)(e, y)'=a(e-ay)(e-By)(e-yy)(e#-8y); 
V=(d,0,¢, a, ¢)(¢,y)'=a(¢-a'y)(e-B'y)(¢-7y (e-8y) ; 
and if they become identical by the transformation 
aw=het+py, y =Net+py, 
we have, by Art. 38, 
(B-')(@'-8) _ (o'- a) (8-8) _ @W-B) (y'-8) 
(8-7) (a-8),- (y-@)(P-9). ten 


showing that the six anharmonic ratios determined by the roots 
must be the same for both equations. 

From these equations we have also the following relations 
between the invariants of the two forms :— 


ert, J’=rJ; (1) 
whence 
T’ FP 


J” gk Wy (2) 
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ee 53 
The quantity ac being absolutely unaltered by transforma- 


tion when the quartic is linearly transformed, is called the 
absolute invariant of the quartic. The condition expressed by 
equation (2) is, therefore, that the absolute invariant should be 
the same for both quartics. The condition here arrived at 
agrees with the result of Ex. 6, p. 146, where it is proved that 
the sextic which determines the anharmonic ratios of the roots 
involves the absolute invariant, and no other function of the 
coefficients, of the quartic. 

The conditions expressed by the equations (1), (2), are 
always necessary ; but not always sufficient, as we proceed to 
illustrate by two exceptional cases. 

Suppose, in the first place, 


U=vow, V=uv”, 


where w,v, w, u,v, are of the linear form / + my. 
3 13 


nat 
Although the condition — = —,, 1s satisfied in this case, the 


Panes 
common value of these fractions being 27, it is impossible to 
transform U into V, since it is impossible to make vw a perfect 
square by linear transformation. 


Secondly, if C=uv, V=u'; 


although the equations J’ = J, J’=r'J are satisfied, since 
I’=0, I=0, J’=0, J=0, it is, nevertheless, impossible to 
transform U into J. 

In both these cases it would be impossible to identify the 
six anharmonic ratios depending on the roots of the quartics. 
In general, it may be stated that it is impossible to transform 
one quantic into another by linear transformation when any 
relation exists between the invariants of one of them which 
does not exist between the invariants of the other (see Clebsch’s 
Theorie der Biniren Algebraischen Formen, Art. 92). 
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MIscELLANEOUS EXAMPLES. 


1. Transform two given quadratics in 2, y to the forms 
au? + bv*, au? + b'v?, 


where « and v are linear functions of # and y. 


2. If the coefficients of three quadratics 
a2? + 2b ey+e1y*, aex*+Qexy+ecoy*, agx*+ sry + egy? 


be connected by the relation 


a by Cl 
a2 bg c2 = 0 3 
a3 b3 e3 


prove that they may be reduced by linear transformation to the forms 
A, X*4 O,¥*, A,X? + C2Y?, A3X” + C3Y?. 
The determinant here written is the condition that the three quadratics should 


determine a system of points or lines in involution. 


3. Reduce (a, 6, c, d)(x, y)® to the sum of two cubes by the method of 
Art. 180. 

4. Prove that two cubics can in general be transformed one into the other by 
linear transformation. 


5. Express three cubics, U, V, W, by means of three cubes. 
Assuming 
AU+ pV + vW= (& — py)’, (1) 
-and comparing coefficients, we have 
Aad + maz + vaz3 = 1, 
Ab; + be + vd3 = — p, 
Aei + pee + ves =p, 


Ady + ude + vd3 = — p’. 


These equations, by eliminating A, u, v, give three values of p, and corresponding 
values of A, uw, v: in this way we obtain three equations of the form (1) to deter- 
mine U, V, W in terms of 


(c—piy)®, (%— pry), (% — psy)?. 
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It is easy to see that p is given by the equation 
Mpt+bh aap+be asp+ bz 
bip+e bop+e2 bsp +ez3 |=0. 
Cip+d copt+d, esp+ds 
A similar method may be applied to express » quantics of the n** order in terms 
of n nth powers. 
6. Prove that the three roots of a cubic may be expressed as 
x1, 8 (v1), ge? (x1), 


where 
eS lt+m 


1) = Fee me 


and 6°(%)=2. 


, A : 
From Art. 60, putting 5 ne ries K, where ¢ = 1 or — 1, we derive 


K(B —y) = HBy + Hi(B + 7) + He, 
K(y- a) = Hya + Hi(y+ a) + Hp, (1) 
K(a—8)= HaB + Hi (a+ B) + He. 
These homographic relations between the roots may be written in the form 
B=96(y), y=9(a), a=0(8); 


where the numerator and denominator in @ are supposed to be divided by 2K; and 
this being done it will be found that 7, m, /’, m’ are connected by the relations 
im’ —l'm=1=1+ m’, and the roots a, y, 8 may be represented as a, 0(a), 6? (a) ; 
6° (a) being equal toa. It is important to observe that the equations (1) are con- 
sistent, the sum of the expressions on the right-hand side being zero; that is to 
say, K must have the same sign in all three, any other combination of signs being 
inadmissible. (See Serret’s Cours d’ Algébre Supérieure, Vol. II., Art. 511.) 

7. Given a binary cubic U and its Hessian H;, the cubic being satisfied by the 
ratios x: y and 2’: y’; prove that 


x’ aH; , aH, 
eer ae 
VA zy’ — xy 


is an absolute constant, A being the discriminant of J. 
Reduce U to the sum of two cubes by a linear transformation whose modulus 


1 as 
= 1, and the constant may be easily shown to be ——. This is another form of 
-—3 
the homogvraphic relation of Art. 60. 
8. Prove that a rational homographic relation in terms of the coefficients con- 
nects any two rational functions of the same root of a cubic equation; but that 


the relation is not rational when the roots are different. 
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9. Transform the quartic 
(a, 5, ¢, d, e) (x, 1)* 


into one whose invariant J shall vanish. 
Assuming y= 2r?+2nx+G, 
and making the invariant J of the transformed equation vanish, we have 
> (p2 — ps)” (p — pi)? =0, © (1) 


where ¢ is a known quadratic function of 7, not involving ¢. 
Expanding (1), we have 


2 gee 
Ig? — 3Jp + Vises. 


which determines ¢, and consequently », by means of a quadratic equation ; and ¢ 
may have any value. 

By a similar transformation J can be made to vanish. 

10. Prove that the most general rational transformation of a quartic f(v) may be 


reduced to the transformation 
ya 
7 : ; 
p-“ q-2 
When P=Rf(p)f'(q), and Q=—Rf(¢) f'(p), show that the second term 
of the transformed quartic is absent. 


Y= 


11. Prove that the transformation 


_ av? + Be+y 
~ aya? + WBia + 71 


may be resolved into the three successive transformations—(1) a homographic 
transformation ; (2) a transformation of the roots into their squares; (3) a homo- 
graphic transformation. 


12. If p be any integer, prove that 


(a? - X2P) (x3? _ x4?) 
(%1 — %2) (%3 — #4) 


= So + (%1 42+ 4344) 31, 
where Xp and 3; are symmetric functions of 71, x2, 73, 44, 
13. If (2, y) and W(x, y) be two covariants of the binary form 
C= (ao, @1, @2, ... an) (x, y)” 


of the degrees y and g, respectively ; and if 


1 dy 1 dy 
oe a 
(2 q dy.” UNA de r) 


be expanded in the form 
(VeVi, Va, + «xs Varta, 1; 


prove that Vo, Vi, V2,...- Vy are covariants of U. 
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Section IJ.—HeErmite’s Turorem. y 
182. Homogeneous Function of Second Degree 


expressed as Sum of Squares.—We have already shown, 
in a general way (Art. 179), that a homogeneous function of 
the second degree in the variables may be reduced to a sum of 
squares, no hypothesis being made as to the nature of the coef- 
ficients of the function considered. We now return to the con- 
sideration of this problem when the coefficients of the function 
are supposed to be all rea/; and we proceed to determine, in 
magnitude and sign, the coefficients of the squares in the 
transformed function. 

Let F(x, a2... 2») be a homogeneous function of the second 
degree in » variables with real coefficients ; and let us suppose 
that it is reduced by the method of Art. 179 to the form 


Pr(H1 + AeA, + Asay +... + AnWn)? 
+ peo (a2 + 6.25 + ri ee + ba%n)? 

+ p3(@%+...+Cn%n)’ 

+ Pun’, 


where all the coefficients of this new form are real. 
Making now the linear substitution 


ps = UW + AgX, + AgX3 + Ugtyg t+. - + AnXn, 
en = He + b32’3 + bya ee le OnXny 
X; = Va tk CgMa te ep so F CnXny 


we have 
F(a, 2, sy.» « Xn) = Xa? + pz Xe? + pzXs? +... + Pn Xn’ 
Since the modulus of this transformation is equal to 1, the 


discriminants of both these forms of /'must be absolutely equal. 
2D 
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Denoting, therefore, the discriminant of F' by An, we have 


An = Pi pops +++ Pn 


and similarly, when the variables 2,1, 2.2, ... % are made to 
vanish in both forms of F, we have 


Aj = Pi PrPs - ++ Pj. 
Now, giving y the values 1, 2, 3, &., we find 


Az A; Ay 


<= A Da ars ore re hy — . 
Pr ly Po IE Ps ne Pn hea 


and the coefficients are determined in terms of the discriminant 
of the original quadratic form in n variables and the discrimi- 
nants of the forms in n - 1, n — 2, &c., variables derived from 
the given form by causing one, two, &c., of the variables to 
vanish in succession in the manner just explained. 

Again, since the constants in the form F'(%, a, ...%n) are 
in number 3”(n — 1) less than in a form composed of a sum of 
squares of » linear functions of 2 variables, we learn that F' can 
be reduced to a sum of squares in an infinity of ways. It is 
most important, however, to observe that in whatever way the 
transformation is made, provided it 1s real, the number of coefficients 
(affecting these squares) which have a given sign is always the same. 
This theorem, which is due to Sylvester, is easily proved; for 
suppose the contrary possible, and let 


F=p,X; + PX" +. ee + pn Xn =n V7 +9,¥? eit e he Takin 


where the number of positive coefficients on both sides of this 
identity is not the same. Making all the terms positive, by 
transferring those affected with negative signs to the opposite 
sides of the identity, we shall have a sum of / squares identically 
equal to a sum of m squares, where m is greater than 7. Now, 
substituting such values for x, %,... a, that each of the 
7 squares may vanish (which may be done in an infinity of 
ways), we find a sum of m squares identically equal to zero, 
which is impossible. 
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183. Mermite’s Theorem.—The principles explained in 
the preceding Article have been applied by M. Hermite to the 
determination of the number of real roots of an equation f(x) = 0 
comprised within given limits. The special form of the function 
F which he makes use of for this purpose is 
od 
»3 a9 ; (x, + Oyp%. + ays +... Gy 'B_), 


r=1 


in which a, %, ... %, are any variables in number equal to the 
degree of the equation; and r takes all values from 1 to n in- 
elusive, the roots of the equation being a, a:.,...a,; also p is 
any arbitrary parameter. 

This form is plainly a symmetric function of the roots of 
the equation /(v) = 0; and as the coefficients of this equation 
are supposed to be real, #' will be also real, when expressed in 
terms of these coefficients and p, provided the parameter p be 
given any real value. If the roots a, a, a;,...a, are not all 
real, the assumed form of F' will not be obtained by real trans- 
formation ; but it is easy to deduce from it, as follows, another 
form which will be so obtained. 

If a, and a, be a pair of conjugate imaginary roots, we may 
write 


a,=7,(cosSat?sina), az, =7)(COSa —7 sina). 


Denoting for shortness 2 + a,a,+a,?t3+...+a,""e, by Y,, 
and substituting these values in Y; and Y;2, we find 


Bee i+ iky Pye <s7, 


where U and V are real; also putting 


eee cd alla —— = 1 (eos p — isin 9), 
the part of the function F depending on a and a, viz., 
es ee 
+ ’ 
a, —p Gs pP 


2p2 
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becomes 


2 2 2 2 


which may be also written as the difference of the squares 


Y (cos $+ sin) (U4 iV} +(cos $ - isin $) (U-i7}4, 


\ 


2 
2r (cos f V sin s) - ar(U sin ‘ + V cos $) 

proving that two imaginary conjugate roots introduce into F 
two real squares, one of which has a positive and the other a 
negative coefficient. 

We now state Hermite’s theorem as follows :—Let the equa- 
tion f (x) = (@ — a1)(@ — az)... (w- an) =0 have real coefficients 
and unequal roots : if then by a REAL substitution we reduce 


Y;’ b Py oy y, 2 
4 a +...¢—-—~, (1) 
RS Pee Pa Aan —p 
where VY, = % + Gy%_ + ay?%g +... 4+ ay” * Bn; 


to a sum of squares, the number of squares having positive coefficients 
will be equal to the number of pairs of imaginary roots of the equa- 
tion f(a) =0, augmented by the number of real roots greater than p. 

This theorem follows at once from what has preceded if we 
consider separately the parts of the function (1) which refer to 
real roots and to imaginary roots, for obviously there is a posi- 
tive square for every root greater than p, and we have proved 
that every pair of conjugate imaginary roots leads to a positive 
and negative real square, without affecting the other squares 
independent of these roots. 

The number of real roots between any two numbers p; and 
p2 may be readily estimated. For, denoting in general by P; 
the number of positive squares in /' when p = p;, by N; the 
number of roots of the equation f(x) =0 greater than p;,and by — 
21 the number of imaginary roots, we have 


P,=N, +7, P,= N,+T; 
N, - N, =P, - P., 


whence 
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proving that the number of real roots between p, and p, is equal 
to the difference between the number of positive squares when 
p has the values p, and p:, respectively. 

The number here determined may be shown to depend on a 
very important series of functions connected with the given 
equation. In order to derive these functions we consider F 
under the form (Art. 182) 


As 
— X,’ + Wee 6 ots 
2 


A>; 
~ Ae + 


A, Xi2+ 
1 1 Ay A 


The number P expresses the number of coefficients in this 
form which are positive, or, which is the same thing, the number 
of the following quantities which are negative :— 


A, As A: Au 
See a ee eg : D) 
i Be Aa, (2) 


We proceed now to calculate Ai, Ax, ... Aj,... An in terms 
of p and the roots of the equation f(z) = 0; and as the method 
is the same in every case it will be sufficient to calculate A,, 
i.e. the discriminant of the original form of # when all the 
variables except 2, #2, 7; vanish. 


, we have in this case 


Writing for shortness v, = 
) P 


F; = avr CA + Ar X2 ae a,’ a3)”. 
The discriminant of this form is 


| Sv Sav: Za’v 
As i= Sav ©. Sav. Za’v |, 


| Sa’v Say Say 


which may be written as the product of the two arrays 


1 a. oo 3g V1 V2 eee ee 


a\ a2 . . . an > a\ Vi a2 V2 . ” ee an Vn 5 ] 


2 2 2 
a” a, ah ieee Pky a) Vi ase V2 e.¢ 6 an Vn 


406 Transformations. 


and, consequently, 


ve sy (as Tt a)? (a _ a2)” 
A; — DV V2V3 a; ae as ° 
geen EP p) (a2 — p) (as - p) 


In an exactly similar manner we find 


- = Vv (ai, Az, M3, - a;) 
A; RES eee 


where the notation y (ai, az, a3, ... a;) is employed to represent 
the product of the squares of the differences of a, a2, as, ... aj. 


Hence the quantities Ai, Ax, A;... A, are all determined. } 


Now, multiplying the numerator and denominator of each 
of the fractions in the series (2) by f(p), each value of A is 
rendered integral, and the series becomes 


V, V, V; Vn 
v’ Vv? Vn, see e ay (3) 


where 
V= (p — ax) (p — az) Sr (p — an), 


Vi = & (p — az) (p — a3) .... (0 — an), 
Va = 3V (a1, az) (o — as) .... (9 — an), 
V3 = 3V (ai, ar, as) (p — a) -+++(p — an), 


Ve oa V(a, C25 Az, ee o Gn). 


Since negative terms in the series (8) correspond to varia- 
tions of sign in the series V, Vi, V2, Vs, .... Vn, it is proved 
that the number of variations lost in the series last written, 
when p passes from the value p; to the value p., is exactly equal 
to the number of real roots of the equation f(p) = 0 comprised 
between p; and pz. 


184. Sylvester’s Forms of Sturm’s Functions.—It 
will be observed that the functions V, Vi, V2, &c., arrived at 
in the preceding Article have the same property as Sturm’s 


ere 
ee 


| 
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functions ; from which in fact they differ by positive multipliers 
only, as was observed by Sylvester, who first published these 
forms in the Philosophical Magazine, December, 1839. The 
identity of the two series of functions may be established as 
follows :— , 

We make use of the notation already employed in Ex. 7, 
p- 312, and we propose to show that the Sturmian remainder 
h; differs only by the positive factor y; from the function Vj. 
From the example referred to, we have 


R; = A;f'(2) - Byf(2), (1) 
Ry =o + ye + 1740 + 0. + pf, 
A;= No > Ait + Av ae ee Aja, 
By = pot pitt pod? +... + jew” ; 


where © 


and from the value of 7,_; there given we have immediately 
nj = 7 SV (ai, a2, a3, .-.. ay), 

showing that the leading coefficients in R; and V; differ only 

by the factor y;. We now proceed to prove that the last co- 

efficients in these functions differ only by the same factor. 

For this purpose, dividing the identity (1) by /(), substituting 

in it from the equation 


ie: hy 8 & 
roe eee 2 Tae + a | 
Fa tae 
and comparing coefficients, we find 
PG; == Ai8 + A281 + Rati alt et A ee. Aja Sj—2y 


7 A A280 + A381 1 or Fe ee, Aj-1 8-35 


MWy2= Aj-180- 
Also, putting x = 0 in (1), we have 
1 = No Pn — MoPns 
and, substituting for mu in terms of Ai, Az, As, &C., 
x) 


Sere: = No S_1 + A180 mE N28) ee alk. 6 + Nj-1 85-2 3 
n 
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whence, giving to A, Ai, ..-- Ajai the same values as in the 
calculation of 7»_;, we find 


S_} So 8} ’ 2.) Sj_2 


° So §} So eee Sy] 
ro=(-1)? Pays 


Cae eens parame, 

Now, referring to the calculation of A; in Art. 183, and put- 
ting p = 0, or », = ~, in the value of A; there found, we find 
for the determinant just written the value 


Aas Gg, M3, - « a;) ; 


? 
a, a2 a3 eee aj 


hence, giving p, its value in terms of the roots, we have 


which was required to be proved. 

The first and last coefficients of Rj, when divided by y, 
having been thus shown to be the same as in the form Vj, 
it follows that all the intermediate terms must be similarly 
related ; for, in the first place, R; is a function of the diffe- 
rences of the quantities 7, a, a....a,, a8 may be seen by 
transforming /(x) before calculating R; by the substitution 
$=Q%e%+a, as in Ex. 3, Art. 92. When this transformation 
is completed, every coefficient in R;, as well as zs, is a function 
of the differences ; ; consequently, &; satisfies the differential 
equation 

(et det atte) Be or Sy 2 
showing, as in Articles 138 and 157, that all the coefficients 
may be obtained from the last by a definite law. ‘The same 
conclusions plainly holding also for the function V;, it is there- 
fore proved, finally, that 


Ry = 5 Vj. 
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EXAMPLEs. 


1. To reduce two quadrics in three variables to the sums of the same three 
squares with proper coefficients. 


Let 
U= ax? + by + cz? +2 fyz + 2gen + Bhay, 
V=ayxe?+ dy? + e427 + 2 fiyz+ Qgizaet+ 2hizy, 
dF dF dF 
F(z, y, 2) =au+ JV, X=375 oad bo =t—- 
We have then identically 
Aata, AA+h Agt+gy X 
F 1 Ah+h, Abth aAftfi Y $ (A) 
=—_——— oe 
A (A) Agtgi Aftfi Acta Z A (a) 
x is Z 0 


where A(A) is the discriminant of AU+ V; and #(a) is a function of the 2nd 
degree in A, the symbols X, Y, Z being retained in it for the present, and not 
replaced by the values involving A. 

Resolving into partial fractions, we have 


_ (Ai) 1 (Az) 1 | &(As) 1 1) 
A’(a1) A—A1_ A’(Az) A-Az_— A’(As) A—As’ 


in which (a1), (Az), &(As) are all perfect squares, since they are obtained by 
bordering the vanishing determinants A (A1), A (Az), A (As). (See Art. 129.) 

Now, replacing X, Y, Z by their values, AUi + Vi, &., (aj) is easily re- 
ducible to the form 


Ajata, Aht+h Agt+n Ni 


Ajh+ hy Ajb+ bh Aftfi U2 
-a-a)? = (A-ayiut, 
Agtg Athi Aeta Us 


Ui U2 U3 0 


where j=1, 2, or 3, and w is independent of A. 
Substituting these values in (1), we find 


aAU+ Te(n— a) arn + (Am) ie + A= as) a)” 


er 
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Equating the coefficients of A, we have 


U= : : + - + . : . 
A’(A1) A’(A2) = A’ (Aa) 
uy? U2” us? 
—-V=n ——~ +az ——-—- +A 
*A’(ai) +A A’ (A2) —— A’ (A3)’ 


which was required to be done. 


It is to be observed that this problem has only one solution. The mode of 
reduction here given is due to Darboux; and is plainly applicable whatever be 
the number of variables. 

2. Prove that a quadric in ” variables may be reduced by a real orthogonal 
transformation to a sum of » squares. 


An orthogonal transformation is a linear transformation such that, when the 
modulus written as a determinant is squared the terms in the principal diagonal 
are each equal to 1, and all the other terms vanish. 


In a transformation of this kind it follows that the sum of the squares of the 
new variables is equal to the sum of the squares of the old. 


3. Writing as before one of Sturm’s remainders in the form 


Rj = Ajo’ (x) — Beo(z), 


prove that 
So 8} 82 36) Piet ; 
sj $2 83 oe e 
B= ; 
Sj-2 Sj-1 Sj «+ - S253 
0 T, YG rama Fe 
where Tj. = 89 HI-) + 8, 29-2 + spa 3B 4. + 8j-1. 


4. Denoting by Un 


ron : 
> (@ — ar) (41 + ate + a?%3 +... + a! 4p)’, 
r=1 


prove that the discriminant of U; may be determined by the equation 


A; 
Aj = —, 
7 
where -4; and 7; have the same signification as before; and show directly that if 


4; =0 fora certain value of z, Aj; and Aj, have opposite signs for the same 
value of z. 


Norr.—Hermite’s theorem holds where ‘a, — p is changed into (a, — p)™ in the 
enunciation on p. 404, m being any odd integer, positive or negative. 


” . . , : Me os Loe 
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Sxcrion I1].—GromerricaL TRANSFORMATIONS.* 


185. Transformation of Binary to Ternary Forms. 
—We think it desirable, before closing the present Chapter, to 
give a brief account of a simple transformation from a binary to 
a ternary system of variables, whereby a geometrical interpre- 
tation may be given to several of the results contained in the 
preceding Chapters. The applications which follow in connexion 
with the quadratic and quartic will be sufficient to explain this 
mode of transformation; and will enable the student acquainted 


with the principles of analytic geometry to trace further the 


analogy which exists between the two systems. 

Denoting the original variables, i.e. the variables of the bi- 
nary system, by 2,, y¥,, we propose to transform to a ternary 
system by the substitutions 


2 
% = Xo’, Y= 2X0Yos 2=%- 


For example, taking the simple case of a quadratic whose 
roots are a, [3, viz., 
y” “lat B) Lo Yo + aBYo = 0, 


and transforming, we obtain 


a—2(a+ B)y + aBz = 0. (1) 
We have also the identical equation 
y’ — 4sa = 0. 


This is the equation of a conic, which we call V, and (1) is 
plainly the equation of a chord of this conic joining the points 
a and (3, the point determined by the equations 


Y Xo 
= ~-=g, where ¢= — 
9 a pe 


being referred to as the point ¢ on the conic V. 


* See Quarterly Journal of Mathematics, vol. x., Pp. 211. 
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When a={ the quadratic becomes (a — ay)’, i.e. the square 
of a factor of the first degree ; also (1) reduces to v- ay+ a’s = 0, 
which is plainly the equation of the tangent at the point a to 
the conic V; whence the line corresponding to a quadratic with 
distinct roots is a chord of the conic V, this line becoming a 
tangent when the roots are equal. 

The only invariant that a quadratic has is its discriminant, 
and this is also an invariant in the ternary system, its vanishing 
being the condition that the line corresponding to the quadratic 
should touch the conic V. We now consider the system of two 
quadratics 


Ate + Wayyo t+ Cyc, Ax? + Way + CY’, 


which for shortness we call Z and . 
When transformed these become two lines 


L=axr+by+ex, M=dxr+ Vy + cz. 


Now the condition that the line whose equation isAZ + pM = 0 
should touch the conic V is 


d? (ac — b*) + Au (ac + a’e — 2bb’) + p?(a’e’ - 6”) =0. (2) 


All the coefficients of this equation are invariants in both 
systems: we have already seen that this is true of the first and 
last coefficients, and the intermediate coefficient which is the 
harmonic invariant of the binary system is an invariant in the 
ternary system also, its vanishing expressing the condition that 
the lines Z, M should be conjugate with regard to the conic V. 
This equation determines the tangents which can be drawn 
through the point of intersection of Z and & to the conic V. 
When this point is on the conic the tangents coincide, and the 
discriminant of the quadratic vanishes. Whence we obtain 
geometrically the following form for the resultant of two qua- 
dratics :— 

R = 4(ae — b’)(a’e’ — 6”) — (ae’ + ae — 2b0'); 


for if Z, M, and V have a common point, the original quadra- 


Py 
Pag 
i: 
yy 
ps 
a 
Ne 
ie 
wd 
eh 
ey 
he 
at 
be. 
ny 
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tics must have a common root, and the condition is in each case 
the same. 

Again, the pairs of points or lines given by the equation 
AL + »M=0 form a system in involution (cf. Ex. 2, p. 398), the 
double points or lines being determined by the equation (2); 
and in the ternary system the corresponding pencil of lines 
passing through a fixed point determines on a conic a system of 
points in involution, the double points being the points of con- 
tact of tangents drawn to the conic from the fixed point. 

If we consider next the three quadratics 


Aye” + 20, H Yo t+ C1Y 0%, aXe? + 2. Yo + CoYy’, 3H,” + 2d; Yo + C3Yo"s 


it is seen that the determinant (a,b,c;) is an invariant in both 
systems, its vanishing being the condition in the binary system 
that the quadratics should form an involution (Ex. 2, p. 398), 
and in the ternary system that the three corresponding lines 
should meet in a point. 

As a final illustration, we consider a system of three qua- 
dratics connected in pairs by the harmonic relations 


C2 + a2C = 26, b. = 0, &e. 


Transforming the quadratics, we obtain three lines X, Y, Z, 
which form a self-conjugate triangle with regard to the conic V. 
The theorem relating to three mutually harmonic quadratics, 
viz., that their squares are connected by an identical linear 
relation (see Ex. 5, p. 860, and Art. 166), is suggested by a 
well-known property of conics; for V expressed in terms of 
X, Y, Z is of the form 


—-V=X?+ ¥?+2’; 


whence, restoring the original variables x, yo, V» vanishes iden- 
tically, and X, Y, Z become the original quadratics, each divided 
by a factor which may be seen to be the square root of its dis- 
criminant (see (1), Ex. 5, p. 360). 
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186. The Quartie and its Covariants treated geo- 
metrically.—It will appear from the remarks to be made in 
the next Article that in applying the transformation now 
under consideration to the quartic Uj = (a, 6, e, d, e) (xo, yo)’, the 
term 6cx," yo” will be replaced by 2exz + cy’, so that the quartic 
will be replaced by the two following conics :— 


U = ax’ + cy’ + es” + Qdyz + 2csu + 2bay = 0, 
V=y¥-4e7=0; 
the form of U here selected being connected with V by an 


invariant relation. The invariants of U and V are invariants 
of the original binary form, for the discriminant of U — pV is 


4p° ~ Ip +d, ’ 

and the invariants of the ternary system are 
A’=-4, O'=0, O=-F, Aged; 
where J and J are the invariants of the quartic, and the dis- 
criminant of U — pV is written as usual under the form 
A — pO + p’O’ — p®A’. 
Let the conics U and V intersect in the points A, B, C, D; 

these points being determined by the equations 

Ce 

es ot 
when @ has the four values a, /3, y, 6, the roots of the binary 
quartic; and let the points of intersection of the common chords 
BC, AD; CA, BD; AB, CD be E, F, G, respectively, the 
triangle HFG being self-conjugate with regard to both conics. 
Now, denoting by (a3) = 0 the equation of the line 4B, and 
using a similar notation for the remaining chords, we have by 
the theory of conics 


U-piV=(By) (a8), U-p.V = (ya) (68), U-psV= (af3)(78), 
where pi, px, p; are the roots of the equation 4p°- Ip + J= 0. 


2 te Gina aes aie Teme 
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On restoring the original variables 2, y in these equations, 
V,, vanishes identically, and we have U, resolved into a pair of 
quadratic factors in three different ways, depending on the 
solution of the reducing cubic of the quartic. Whence it 
appears that the resolution of a quartic into its pairs of quad- 
ratic factors, and the determination of the pairs of lines which 
pass through the intersections of two conics, are identical prob- 
lems, each depending on the solution of the same cubic equa- 
tion. 

We now proceed to show that the sides of the common self- 
conjugate triangle of U, V correspond to the quadratic factors 
of the sextic covariant in the binary system. Since the side 
FG is the polar of £, the co-ordinates 2’, y’ of E are found by 
solving the equations (Gy) = 0, (ad) = 0; we have, therefore, 


, / fi 


a is y : g 
By(at+0)-ad(B+y) 2(By-ad) B+y-a-8 


and, substituting for 2’, 7’, 2’ the values thus determined in the 
polar of £, viz., 


ff 
tt 2 ae & 0, 


2 


we express this equation in the form 
(B+y-a-0)ev-2(By-ad)y+ (By (a+ 6) -ad(B +) )s=0. 
On restoring the original variables x, y%, this is seen to be 
one of the quadratic factors of the sextic covariant (see Art. 


166). It is therefore proved that the points where FG meets 
V are determined by the quadratic equation 


(B + y-a-8) g- 2 (By- ad) p + By (a +0) —ad(B + y) =0; 
and consequently the six points on V which correspond to the 
roots of the sextic covariant are the points where this conic 
meets the sides of the common self-conjugate triangle of U 
and V.- 

To determine the points on V which correspond to the roots 
of the Hessian, we calculate for the conics U and V the co- 


416 Tr ansformations. 


variant conic F’ (Salmon’s Conic Sections, Art. 378); thus 
finding 
—1 F'= (ac—b’)x’ + (bd-c)y’ + (ce —d’)2’ + (be - ed) yz 
+(ae— 2bd+ c°\zx + (ad — be)ay ; 
and on restoring the original variables, we have 


HT (#0, Y)'=-iF); 


also, since the conic F' intersects U and V in the points of con- 
tact of their common tangents, we see that the points on V 
corresponding to the roots of the Hessian are the points so 
determined. The Hessian has, moreover, a double geometric 
origin, for it may equally well be obtained by transforming the 
conic ® (Salmon’s Conics, Art. 377) which is the envelope of a 
line cut harmonically by the conics U and JV. 
187. When the transformation of Art. 185, viz., 


c= a, ¥ = 2nys 4 Yors 


is applied to a quantic f(a, Yo) of even degree 2m, it is plain 
that the roots of this quantic will be represented geometrically 
by the points of intersection of a curve of the m degree with 
the conic section V. If the degree of the quantic is odd, it 
must be squared before the transformation is effected ; and the 
roots will then be represented geometrically by the points of 
contact of the corresponding curve with the conic. 

- In transforming the quantic f(a, y), we may obtain an 
indefinite number of ternary forms by varying the mode of 
transformation ; for if U denote any one of these forms, 


U + om2V, 


in which the coefficients cf ¢m are arbitrary, would equally 
well be a transformation of /(a, yo), since this form would 
on restoring the original variables return to the quantic 
SF (Hos Yo)» Moreover, every possible transformation is included 
in the foregoing. Among these innumerable ternary forms 
there is one, and only one, such that its invariants and co- 
variants are invariants and covariants of the binary quantic 
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also. To determine this form, take the tangential form of V, and 
let II be the operator obtained by substituting D,, D,, D; for 
the variables therein ; operating then with I on U + dm-2V, we 
obtain a result ,,. of the degree m - 2; and equating to zero 
its coefficients, we have equations sufficient to determine all the 
coefficients of @m»2. The required transformation is therefore 
unique, as these equations are of the first degree. 

The following method may be employed to obtain the 
proper form of U corresponding to a given binary quantic 
of even degree. Let the quartic u = (dy, a, 2, Ms As) (20, Yo)* 
be written in the form 


1 , au ad” du | 
gam § a tS ge oS 
dy.) 
transforming the second differential coefficients, and multiplying 
the terms by x, y, z, respectively, we obtain the proper form for 
U, such that 11 (UV) = 0, viz., 


Apt” + day” + Ay3" + 2asy3+ 2a,8u + 2aavy. 


Again, in the case of the sextic wv, writing it in the form 


1 au 9 d*u du) 
56° dee” daydys 
du du du 
day? ‘ dary dy.’ dy. 
just explained, and multiplying by x, y, s, respectively, we 
obtain a ternary cubic U of the proper form. In a similar 
manner the transformation of the octavic is made to depend 
on that of the sextic; and proceeding in this way step by step 
we may transform any binary quantic w of even degree to a 
ternary quantic U of half the degree, such that II (UV) = 0. 

The following examples are given to illustrate the trans- 


formation explained in the present section. 


transforming the quartics in the manner 


2E 
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EXAMPLES. 
1. If f (xo, yo) becomes U (x, y, 2) by the transformation 
c= 2%, y=2xoYyo, 2= Yo"; 
prove in general that 


af aU 


ey ean 


dxydyo dy 
d2f dU 
Ga = 2-1) Ge ~ 4an(0), 
_@U au 
where is the degree of f(z, y), and 1(U) = Se ae 
Whence, in particular, if 1(U) =0, prove that 


ad ad \2 dU dU dU 
ee Lin A ek oe 
. (« TE be im) bay )( de * y dy ate 


where 2, Yo, and 2’, yo are cogredient variables. 


2 it 
af af 3 


prove that M(xpi + yp2 + 23) = 0 when 11($1) = 0, M(p2) = 0, T1(3) = 0. 
Since 


—SS <r —————_-S 


we have, by Ex. 1, 
dor _ doa _ dpa, 
dz dy dx’ 
but 
dpi dos = dr 


Tl (xpi + Yp2 + 23) = a “+ qa dy’ 


and therefore vanishes by what precedes. We have thus a formal proof of the 
statement at the end of Art. 187. 
When [1(¢1), (2), M1(¢3) donot vanish, we have in general 
(n—3) (zor + ype + 23) = (n — 1) {211 (gr) + YT (p2) + 211 (ps) }- 
3. If two quantics u and w be transformed ; prove that the Jacobian of uw, w in 
the binary system becomes the Jacobian of U, V, W in the ternary system. 
Express J(u, w) in terms of xo”, xoyo, yo” and the second differentials of u and 


w, and then transform by Ex. 1. 
4. Prove that the quartics 


(012? + 2Bi ry +y1y”) (a3 2 + 2Bsxy + yay”) — (a2 47+ 2ZBoay+yey*)*, = (1) 


(a1 27 + 2az ay + agy*) (it? + 2y2ay + yay?) — (B12? + 2Baay+Bsy*)? (2) 
have the same invariants. 


iil is ae ia 
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Transforming (2) to the ternary system, we have the conic 


(a1% + aay + ag2) (ye + yoy + y32) — (Biz + Boy + Bs2)®, 
which for shortness we write as LN — M*, where 
L=m%&+ ay +032, M=f\x+ Boy +B3z, N=yizt+yytysz. (3) 
Now, when the discriminant of 
IN — M* +a(y? — 4e2) 


is formed, the invariants of (2) are the functions —3H and & of this cubic in a (or 
the last two coefficients when the second term is removed). This discriminant may 
be obtained as the resultant of the three equations 

Na; — 2 MB; + Ly — 4a = 0, 

Naz — 2MB2 + Ly2 + 2aAy = 0, (4) 

Naz — 2MB3 + Ly3 — 4Ax = 0, 


when 2, y, 2 are eliminated; or by eliminating the six quantities 7, y, z, L, M, N 
by means of the three additional equations (3) the resultant is obtained in the 
form 

a1 Bi 71 0 0 —4A 


a 


0 --} O Bi Be Bs 


1 0 0 "i -% ¥3 


If we had operated similarly on the quartic (1) we should have obtained the same 
resultant A(A), the form the determinant takes in this case being obtained by 
dividing the first three rows of A(A) by —4A, and multiplying the first three 
columns by —4A. Whence it follows that the invariants are the same in both 
cases. 

To expand A (A) we replace LZ, M, N by their values in equations (4), and then 
eliminate 2, y, 2, thus obtaining 


Iu Tig Ii3— 2a 
Tie Io,+r In3 » Where 21pg=apyg+ ag¥p — 2BpBq- 
Ihn3—2aA hs I33 


This determinant becomes when expanded 
| In fie tis 


403 + 4(I22—T13) a? — {D1 I33 —Lis*+ 4 (Lis I22—Di2l23)}a-—| Sie In 23 |, 
| Mis Ios Iss 


every coefficient of which is the same for both quartics, as may be verified directly. 
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5. Determine the condition that three quadratics should by linear transfor- 
mation be reducible to the forms 


@y wp ae 


dx*’ = dady— dy? 


Ans. Ty: Is3 — 4th Te3 + In2” + 2122L31 = 0. 


6. Prove that the condition in Ex. 5 is the same for the following two sets of 
quadratics :— 


a2? + 2Bicytyy®, a2? +2Boxyt+ yoy, a3x* + 2Bsxy + yay”, 
and 
a2 + Lagxytasy*, Bix? + 2Bory+ Bsy*, ya? + Weary +7’. 


7. Determine the condition that aw+yvw should have two square factors, 
where w and w are quartics. 
Transforming, we have in this case 


AU + pV + uW = (ax + By + y2)*; 


consequently, every term in the tangential form of AU+ u¢V+vW must vanish, 
giving six equations to eliminate A’, uw, v*, wy, vA, Au; hence the required con- 
dition is determined. 

8. If a quartic have a square factor, prove geometrically that this factor is 
a quintuple factor of the covariant Gz; and construct the point on the conic V 
which corresponds to the remaining root of the equation Gz = 0. 


9. Resolve the quartic as in Art. 169 by finding the tangents to the conic V 
where U meets it, U and V having been expressed as sums of squares. 


10. Express in terms of their invariants the resultant of the quartic and biquad- 
ratic 
ax* + 4bay + 6ex*y*? + 4dxy? + ey4, 


an? + 2Bxry + yy". 


11. Determine the condition that two quadratic factors (4 — a)(v— B), (~—-y)(w—8) 
of a quartic Up should form with a given quadratic Az* + 2uz + vy a system in in- 
volution. 

Transforming, the three corresponding lines must meet in a point, which point 
is one of the vertices of the common self-conjugate triangle of the conics U and V. 
The tangential equation of these points is /(3, 3’, &) = 0, which is therefore the 
required. condition, the tangential form of xU + V being x*3 + «nb + 2. 


12. Apply the method of transformation of Art. 185 to prove the theorem of 
Art. 176. 

Let Tschirnhausen’s transformation be put under the form 
ax? + 2px + ¥ : 
aa? + 2B'x +" (1) 
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Make the numerator and denominator of the last fraction homogeneous in 2, y; 
replace z by —A, and transform: (1) becomes then 


L+al’=0, 
where L=ar+By+yz, LD=a'x+ Byt yz. 


If x, y, z be eliminated from the equations L+aL’=0, U=0, V=0, we 
shall have the transformed quartic in A; which, considered geometrically, deter- 
mines the lines drawn from the point of intersection P of Z and L’ to the points of 
intersection 4, B, C, Dof Uand V. Again, if « be so determined that the conic — 
U+«V pass through the point P, the anharmonic ratio of the lines PA, PB, PC, 
PD, is equal to the anharmonic ratio of the lines 7:4, AB, AC, AD, where TA is 
the tangent to U+«V at A; that is, of the lines 


t+nxt, t+ pil’, t+ pet’, t+ pst’, 


where ¢ and 7’ are the tangents to Vand V at A. Now, forming the invariants of 
the quartic whose roots are a, pi, p2, p3, the theorem follows by Arts. 170 and 177. 


13. Let three points a, 5, ¢ be taken on the conic V given by the equations 
pr=ag?+bpta, 
py = a2? + bap + C2, 
pz = aso? + bso + 63, 


the values of at these points being a, B, y, the roots of a cubic U; prove the fol- 
lowing constructions for determining the points on the conic corresponding to the 
roots of the cubic covariant G, and the Hessian Hz :— 


1°. Let tangents be drawn to the conic V at the points a, 6, c, forming a tri- 
angle ABO, the lines Aa, Bb, Cc meet the conic at points a’, 4’, c’ corresponding to 


the roots of Gz. 
9°. The four triangles abc, a’b’c’, ABC, A’B'C’ are homologous, and their axis 


of homology meets the conic V at the points corresponding to the roots of Hz. 
14. From the constructions in the last example prove that Uz and G, have the 
same Hessian Hz, and that the roots of H, are imaginary when the roots of Uz are 


real. : ; 
Dublin Exam. Papers, Bishop Law’s Prize, 1879. 


CHAPTER XVII. 


THE COMPLEX VARIABLE. 


188. Graphie Representation of Imaginary Quan- 


tities.—The imaginary expression a + 6,/- 1 may be written 
in the form 


u(cosa + sina./—1), 
where 


w= f/a +b, and tana =<. 


It may be regarded, therefore, as determined by the linear 
magnitude pu, and the angle a; pu being called the modulus, and 
a the argument of the imaginary quantity. 

Let rectangular axes OX, OY (fig. 7) be taken; and a 
point. A such that 
XOA=a, and OA = py. 
We have then OM = 
uw cosa=a, and AM 
=p sina = 6. The 
expression a+b ,/—1 
may therefore be re- 
presented graphically 
by the right line 
drawn from O to a 
point in a plane whose co-ordinates referred to the fixed axes 
are a, 6; the distance OA of this point from the origin being 
equal to the modulus, and the angle XOA equal to the argu- 
ment of the imaginary quantity. 
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Fig. 7. 
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The magnitude of an imaginary quantity is estimated by 
the magnitude of its modulus. When the imaginary quantity 
vanishes (that is, when a and d separately vanish) its modulus 
vanishes ; and, conversely, when the modulus vanishes, since 
then a’ + 6? = 0, a and } must separately vanish, and therefore 
the imaginary quantity itself. 'Twoimaginary quantities, a + ib 
and a’ + ib’, are equal when a=a@' and 6 = 0’, i.e. when the 
moduli are equal and when the arguments either are equal or 
differ by a multiple of 27. 

In what follows we shall for brevity represent the modulus 


and argument of a+ 6./—1 by the notation 
mod. (a + 1b), arg. (a + 1b), 


where ¢ as usual represents ,/- 1. 


189. Addition and Subtraction of Imaginaries.— 
Let a second imaginary quantity a’ + ib’ be represented by the 
right line 04’, so that 


OA’ = mod. (a’+ ib’), XOA’=arg. (a’ + id’). 
We proceed to determine the mode of representing the sum 
at+ib+at+iv. 


Writing this sum in the form a + a’ +i(b +b’), we observe, 
in accordance with the convention of Art. 188, that it will be 
represented by the line drawn from the origin to the point 
whose co-ordinates area+a’, b+’. To find this point, draw 
AB parallel and equal to O04’; since AP, BP, are equal to 
a, b’, B is the required point, and we have 


OB=mod.{a+a+i(b+b’)}, XOB=arg.{at+a+i(b+)}. 


To add two imaginary quantities, therefore, we draw OA to 
represent one of them; and, at its extremity, 4B to represent 
the second (that is, so that its length is equal to the modulus, 
and the angle it makes with OX equal to the argument, of the 
second) ; then OB represents the sum of the two imaginary 
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quantities. Since OB is less than OA + AB, it follows that 
the modulus of the sum of two imaginary quantities is less than the 
sum of their moduli. 

This mode of representation may be extended to the addition 
of any number of imaginary quantities. Thus, to add a third 
a’ + ib”, represented by OA”, we draw BC parallel and equal to 
QA”, and join OC. Then OC represents the sum of the three 
imaginary quantities OA,OA’,OA”. It is evident also that we 
may conclude in general that the modulus of the sum of any 
number of imaginary quantities is less than the sum of their 
moduli. 

Subtraction of imaginaries can be represented in a similar 
way. Since OB represents the sum of OA and OA’, OA will 
represent the difference of OB and OA’. To subtract two 
imaginary quantities, therefore, we draw at the extremity of 
the line representing the first a line parallel and equal to the 
second, but in an opposite direction (¢.e. a direction which makes 
with OX an angle greater by 7 than the argument of the first). 
We join O to the extremity of this line to find the right line 
which represents the difference of the two given imaginaries. 

190. Multiplication and Division of Imaginaries.— 
To multiply the two imaginary quantities a + ib, a’+ ib’, we 
write them in the form 


a+ib=u(cosat+isina), a+ ib’=p'(cosa+isina’). 
We have then, by De Moivre’s theorem, 
(a + ib) (a’ + tb’) = wy’ {cos (a +a’) +7sin(a+a)}, 


which proves that the product of two imaginary quantities is an 
imaginary quantity of the same form, whose modulus is the product 
of the two moduli, and whose argument is the sum of the two argu- 
ments. 

In the same way it appears that the product of any number 
of imaginary factors is an imaginary quantity, whose modulus 
is the product of all the moduli, and whose argument is the sum 
of all the arguments. 


obi dR NS eo gE Te 
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To divide a + ib by a’+ ib’, we have similarly 


= = {cos (a-a’) +7 sin (a—a’)}, 


which proves that the quotient of two imaginary quantities is an 
imagmary quantity of the same form, whose modulus is the quotient 
of the two modul, and whose argument is the difference of the two 
arguments. 

It is evident from the foregoing propositions that any power 
of an imaginary quantity, e.g. (a+ ib)™, can be expressed in the 
form A +7B, where A and B are real quantities. And, more 
generally, if in any polynomial 


Aye” + 8" + Ags" + 26. + And + Any 


whose coefficients are either real or imaginary quantities, an 
imaginary quantity a + 7b be substituted for the variable z, the 
result can be expressed in the standard form of imaginary quan- 
tities, viz. A + 7B. 

It was assumed in the proof of the theorem of Art. 16 that 
when a product of any number of factors (real or imaginary) 
vanishes, one of the factors must vanish. This is evident when 
the factors are all real. From what is above proved the same 
conclusion holds when the factors are imaginary; for, in order 
that the modulus of the product may vanish, one of its factors 
must vanish, and therefore the imaginary quantity of which 


that factor is the modulus. 
191. The Complex Wariable.—In the earlier Chapters of 


the present work the variation of a polynomial was studied cor- 
responding to the passage of the variable through real values 
from — © to +00; and the mode of representing by a figure 
the form of the polynomial was explained. Such a mode of 
treatment is only a particular case of a more general inquiry. 


Given a polynomial 


T(8) = QB" + 2" + a2" +... + Onis + An, 


we may study its variations corresponding to the different values 
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of z, where z has. the imaginary form x + cy, and where x and y 
both take all possible real values. This form 2 + ty is called the 
complex variable. All possible real values of the variable are of 
course included in the values of 2+ iy, being those values which 
arise by varying x and putting y=0. In accordance with the 
principles of Art. 188 we may represent the imaginary quantity 
a+ dy by the line OP (fig. 8) drawn from a fixed origin O to 
the point whose co-ordinates are x, y. Or we may say, x + ty is 
represented by the point P. Thus all possible values of x + ty 
will be represented by all the points in a plane. Since for any 
particular value of z, f(z) takes the form 4+7B (Art. 190), the 
values of f(s) may be represented in a similar manner by points 
inaplane. We confine ourselves in the present Article to the 
representation of the variable 
a +y itself. We conceive the 7 
variation of # + ty to take place y 
in acontinuous manner; for ex- ¥ 
ample, by the motion of the F 
point z,y,alongacurve. IfOP “A 
and OF” represent two consecu- ae 
tive values of the variable, we ) pa 
write the corresponding values 
at+iy, «+t, as follows:— Fig. 8. 


s=xtiy=r(cosO+isin@), s=a'+ iy’=1r (cos 0'+7 sin’). 


Since OP’ represents the sum of OP and PP (Art. 189), it 
follows that PP’ represents the imaginary increment of z; and 
if s’= 3s +h, h may be written in the form 


h=p (cos +7sin 9), 


where p = PP’, and ¢ is the angle PP’ makes with OX. 

The variation of the modulus of s is OP’ —- OP or r’- r; the 
variation of the argument of z is P’OP or 6 - 0; the variation 
of z itself is 2 or p (cos¢ + 7 sin @), as just explained. 

Let the point be supposed to describe a closed curve. When 
it returns to P the modulus takes again its original value; and 
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the argument takes its original value if the point O is ex- 
terior to the curve, or is increased by 27 if O is interior to the 
curve. 

If the complex variable describes the same line in two oppo- 
site directions, the variations of its argument are equal and of 
opposite signs, 7.e. the total variation is nothing. From this we 
can derive a property of the variation of the argument of the 
complex variable, which will be found of importance in our suc- 
ceeding investigations. 

Let a plane area be divi- 
ded into anynumber of parts 
by lines BD, AF, EC, &e. 
(fig. 9); then the variation 
of the argument relatively to 
the perimeter of the whole ‘ = 
area is equal to the sum of tts 
variations relatively to the pe- 
rimeters of the partial areas: Fig. 9. 
all the areas being supposed to be described by the variable 
moving in the same sense. ‘This is evident; for when the 
point is made to describe all the partial areas in the same sense, 
each of the internal dividing lines will be described twice, the 
two descriptions being in opposite directions; and the exter- 
nal perimeter will be described once; hence the total variation 
of the argument relatively to the dividing lines vanishes, and 
the variation relatively to the external perimeter alone remains. 
In the figure, for example, when the point describes the areas 
ABF, AFD in the sense indicated by the arrows, the total 
variation relatively to the line AF vanishes. 

192. Continuity of a Function of the Complex 
Wariable.—Suppose the complex variable z, starting from 
a fixed value x, to receive a small imaginary increment 
h=p(cos@ + i sing); we have then, if /(z) be the given 
function, 


I (8) =f (% + 2) =f (8) +f” (2) n+ h?+ &e., 


Tn. 4 
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and the increment of f(s), being equal to f(z, + ) — f(z), is 


J’ (80) ba SI” (%) 3 
FP (0) A+°- 9 Wt is: 12.3"* + &e.. 


In this expression the coefficients of the powers of / are all © 
imaginary expressions of the usual form ; and if their moduli be 
a, b, c, &e., the moduli of the successive terms are ap, bp’, cp*, &e. ; 
and since, by Art. 189, the modulus of a sum is less than the 
sum of the moduli, it follows that the modulus of the increment 
of f(z) is less than 
ap + bp* * cp* + &e. 


Now a value may be assigned to p (Art. 4), such that for it, 
or any less value of p, the value of this expression will be less 
than any assigned quantity. It follows that to an infinitely 
small variation of the complex variable corresponds an infinitely 
small variation of the function ; in other words, the function vartes 
continuously at the same time as the complex variable itself. 

193. Variation of the Argument of /(z) corresponding 
to the Description of a small Closed Curve by the Com- 
plex Wariable.—Corresponding to a continuous series of values 
of s we have a continuous series of values of f(z), which can be 
represented, like the values of s itself, by points in a plane. 
_ We represent these series of points by two figures (fig. 10) side 


| P 
an ¢ 


g’ 
Y P 


A A 


Fig. 10. 


by side, which, to avoid confusion, may be supposed to be drawn 
on different planes. To each point P, representing x + ty, cor- 
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responds one determinate point P’ representing f(z). When P 
describes a continuous curve, P’ describes also a continuous 
curve; and when Preturns to its original position after describ- 
ing a closed curve, P’ returns also to its original position. 

Our present object is to discuss the variation of the argument 
of f(z) corresponding to the description of a small closed curve 
by P. Let A be any determinate point whose co-ordinates are 
Loy Yo, 1.8. So =X + Yo. We divide the discussion into two 
cases :— 


(1). When a + ty is not a root of f(s) = 0, i.e. when f(z) 
is different from zero. 


(2). When a+ ty is a root of f(s) = 0, or f(s) = 0. 


(1). In the first case, to the point A corresponds a point 4’ 
representing the value of /(z,), and O’A’ is different from zero. 
Let s=2%) +h, where h=p (cos¢+7sin ¢); and suppose P, which 
represents 2, to describe a small closed curve round 4A. Let P” 
represent f(z); then A’P’ represents the increment of /(s) cor- 
responding tothe increment AP of zs. By the previous Article 
it appears that values so small may be assigned to p, that the 
modulus of the increment of /(z), namely A’P’, may be always 
less than the assigned quantity O’A’; hence P may be supposed 
to describe round A a closed curve so small that the correspond- 
ing closed curve described by P” will be exterior to 0’. It fol- 
lows, by Art. 191, that corresponding to the description by P of a 
small closed curve, which does not contain a point satisfying the 
equation f(z) = 0, the total variation of the argument of f(s) ts 
nothing. 

(2). In the second case, suppose # + 7 is a root of the equa- 
tion f(z) = 0 repeated m times, and let 


I(8) = (8 — %)" ¥ (8) 5 
f(z) = h™ p(s) = p™ (cos m@ + 7 sin mg) p (3). 


In this case OA’ = 0; and when P describes a closed curve 
round 4, P’ returns to its original position, and the argument 


then 
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of f(s) will be increased by a multiple of 27, which may be de- : 


termined as follows :—From the above equation we have 
arg. f(2) = mp + arg. (2) 5 

and the increment of arg. f(s) will be obtained by adding the 
increment of m@ to the increment of arg. ~(z). Now the latter 
increment is nothing by (1), since the curve described by P may 
be supposed to contain no root of ¥ (s)=0; and since the incre- 
ment of ¢ is 27 in one revolution of P, the increment of m@ is 
2mm. It follows that when P describes a small closed curve con- 
taining a root of the equation f(z) = 0, repeated m times, the argu- 
ment of f(s) is inereased by 2mm. 

194. Cauchy’s Theorem.—When = describes the same 
line in a plane in two opposite directions, /(z) describes the cor- 
responding line in its plane in two opposite directions, and the 
arg. f(s) undergoes equal and opposite variations. It follows 
that if any plane area be divided into parts, as in Art. 191, the 
variation of the arg. f(s) corresponding to the description in the 
same sense by s of all the partial areas, is equal to the varia- 
tion of arg. f(z) corresponding to the description by zs of the 
external perimeter only. Now let any closed perimeter in the 
plane XY be described; and suppose, in the first place, that it 
contains no point which satisfies the equation f(z) =0. It can 
be broken up into a number of small areas, with respect to each 
of which the conclusions of (1) Art. 193 hold; and by what has 
been just proved it follows that the 
variation of arg. f(z) corresponding y 
to the description by z of the closed 
perimeteris nothing. Suppose, inthe 
second place, that the closed perime- 
ter contains a point which is a root 0 x 
of the equation /(z) = 0 repeated m 
times. Let a small closed curve 
PQRS be described round this Fig. 11. 
point. The variation of arg. f(z), corresponding to the descrip- 
tion by « of the whole perimeter, is equal to the sum of its 
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variations corresponding to the description of the areas 
ABCPSR, CDARQP, PQRS. The two former variations 
vanish by what is above proved; and the latter is, by (2), 
Art. 193, equal to 2m. The total variation, therefore, of f(s) 
is 2mm. Similarly, if the area includes a second, third, &c., 
points which represent roots repeated m’, m’, &c., times, the 
total variation = 2(m + m’+ m+ &.)a. Hence we derive the 
following theorem due to Cauchy :— 

The number of roots of any polynomial, comprised within a given 
plane area, 1s obtained by dividing by 2a the total variation of the 
argument of this polynomial corresponding to the complete descrip - 
tion by the complex variable of the perimeter of the area. 

195. Number of Roots of the General Equation. — 
We are enabled by means of the principles established in the 
preceding Articles to prove the theorem contained in Arts. 15 
and 16; namely, every rational and integral equation of the nt 
degree has n roots real or imaginary. 


Let 


Ff (8) = aos" + 8" + a,8"% + 26. + An iS+ Ay 


be a rational and integral function of z. Without making any 
supposition as to the existence of roots of f(z) = 0 further than 
that f(s) cannot vanish for any infinite values of the variable, 
we can suppose z to describe in its plane a circle so large that 
no root exists outside of it. If, then, 


f(s) = 8" {do + 18’ + 87+... + Ans} 
1 
= 3"9(z'), where 2 = ? 


x, whose modulus is the reciprocal of the modulus of z, will 
describe a small circle containing a portion of the plane cor- 
responding to the part outside of the circle described by s; and 
no root of ¢(z’) = 0 will be included within this small circle. 
Hence, corresponding to the description of the whole circle by s, 
the variation of arg. $(z’) = 0, and, therefore, 


variation of arg. f(s) = variation of arg. 2” ; 
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and if z=r(cos8+7sin@), or s"=r"(cosnO +7 sinn8), 


6 is increased by 27, and, therefore, arg. s” is increased by 
2n7. | 

It follows from Cauchy’s theorem, Art. 194, that the number 
of roots comprised within the circle described by g, i.e. the total 
number of roots of the equation f(z) = 0, is »; and the theorem 
is proved. 


The proposition whose proof was deferred in Art. 15 is thus 


shown to be an immediate consequence of Cauchy’s theorem, 
which may therefore be regarded as the fundamental proposi- 
tion of the Theory of Equations. It is proper to observe, how- 
ever, that the theorem of Art. 15, viz., that every equation has 
a root, can be proved directly, and independently of Cauchy’s 
theorem, by aid of the principles contained in Art. 1938 and the 
preceding Articles, as we proceed now to show. 

If possible, let there be no value of s which makes /(z) 


vanish; and let the value x, represented by A, fig. 10, corre- 


spond to the nearest possible position, A’, of P’ to the origin O’. 
Now, giving % a small increment /, and considering the first 
term /’(z,) 2 of the corresponding increment of f(z), it is seen 
that the directions in which these two small increments take 
place are inclined at a constant angle. It is possible therefore, 
by properly selecting the direction of the increment h, to cause 
the increment of /(%) to take place in the direction .A’O’, and 
thus to make A’ approach nearer to the origin, which is con- 
trary to hypothesis. It follows that the minimum value of the 
modulus of /(z) cannot be different from zero, and therefore that 
some value of z exists which makes f(z) vanish. 

In note D will be found some further observations on the 
subject of this Article. 


NOTES. 


NOTE A. 
ALGEBRAIC SOLUTION OF EQUATIONS. 


Tue solution of the quadratic equation was known to the Arabians, 
and is found in the works of Mohammed Ben Musa and other writers 
published in the ninth century. In a treatise on Algebra by Omar 
Alkhayyami, which belongs probably to the middle of the eleventh 
century, is found a classification of cubic equations, with methods of 
geometrical construction ; but no attempt at a general solution. The 
study of Algebra was introduced into Italy from the Arabian writers 
by Leonardo of Pisa early in the thirteenth century ; and for a long 
period the Italians were the chief cultivators of the science. A work, 
styled L’ Arte Maggiore, by Lucas Paciolus (known as Lucas de Burgo) 
was published in 1494. This writer adopts the Arabic classification 
of cubic equations, and pronounces their solution to be as impossible in 
the existing state of the science as the quadrature of the circle. At 
the same time he signalizes this solution as the problem to which the 
attention of mathematicians should be next directed in the develop- 
ment of the science. The solution of the equation 2°+ mx =n was 
effected by Scipio Ferreo ; but nothing more is known of his discovery 
than that he imparted it to his pupil Florido in the year 1505. The 
attention of Tartaglia was directed to the problem in the year 1530, in 
consequence of a question proposed to him by Colla, whose solution 
depended on that of a cubic of the form «+ p’=q. Florido, learning 
that Tartaglia had obtained a solution of this equation, proclaimed his 
own knowledge of the solution of the form 2*°+ma=n. Tartaglia, 
doubting the truth of his statement, challenged him to a disputation 


2F 
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in the year 1535; and in the mean time himself discovered the solu- 
tion of Ferreo’s form z+ mz =n. This solution depends on assuming 
for an expression »/t — ,/u consisting of the difference of two radi- 
cals; and, in fact, constitutes the solution usually known as Cardan’s. 
Tartaglia continued his labours, and discovered rules for the solution 
_of the various forms of cubics included under the classification of the 
Arabic writers. Cardan, anxious to obtain a knowledge of these rules, 
applied to Tartaglia in the year 1539; but without success. After 
many solicitations Tartaglia imparted to him a knowledge of these 
rules ; receiving from him, however, the most solemn and sacred pro- 
mises of secrecy. Regardless of his promises, Cardan published in 
1545 Tartaglia’s rules in his great work styled Ars Magna. It had 
been the intention of Tartaglia to publish his rules in a work of his 
own. He commenced the publication of this work in 1556; but died 
in 1559, before he had reached the consideration of cubic equations. 
As his work, therefore, contained no mention of his own rules, these 
rules came in process of time to be regarded as the discovery of Cardan, 
and to be called by his name. 

The solution of equations of the fourth degree was the next 
problem to engage the attention of algebraists ; and here, as well as in 
the case of the cubic, the impulse was given by Colla, who proposed 
to the learned the solution of the equation 2 + 627+ 36 = 60x. Cardan 
appears to have made attempts to obtain a formula for equations of 
this kind ; but the discovery was reserved for his pupil Ferrari. The 
method employed by Ferrari was the introduction of a new variable, 
in such a way as to make both sides of the equation perfect squares ; 
this variable itself being determined by an equation of the third de- 
gree. It is, in fact, virtually the method of Art. 68. This solution 
is sometimes ascribed to Bombelli, who published it in his treatise on 
Algebra, in1579. The solution known as Simpson’s, which was pub- 
lished much later (about 1740), is in no respect essentially different 
from that of Ferrari. In the year 1637 appeared Descartes’ treatise, 
in which are found many improvements in algebraical science, the 
chief of which are his recognition of the negative and imaginary roots 
of equations, and his “‘ Rule of Signs.’’ His expression of the biqua- 
dratic as the product of two quadratic factors, although deducible 
immediately from Ferrari’s form, was an important contribution to 
the study of this quantic. Euler’s algebra was published in 1770. 
His solution of the biquadratic (see Art. 61) is important, inasmuch 
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as it brings the treatment of this form into harmony with that of the 
cubic by means of the assumed irrational form of the root. The 
methods of Descartes and Euler were the result of attempts made to 
obtain a general algebraic solution of equations. Throughout the 
eighteenth century many mathematicians occupied themselves with 
this problem ; but their labours were unsuccessful in the case of 
equations of a degree higher than the fourth. 

In the solutions of the cubic and biquadratic obtained by the older 
analysts we observe two distinct methods in operation : the first, illus- 
trated by the assumptions of Tartaglia and Euler, proceeding from an 
assumed explicit irrational form of the root; the other, seeking by the 
aid of a transformation of the given function, to change its factorial 
character, so as to reduce it to a form readily resolvable. In Art. 55 
these two methods are illustrated ; together with a third, the concep- 
tion of which is to be traced to Vandermonde and Lagrange, who pub- 
lished their researches about the same time, in the years 1770 and 
1771. The former of these writers was the first to indicate clearly 
the necessary character of an algebraical solution of any equation, 
viz., that it must, by the combination of radical signs involved in it, 
represent any root indifferently when the symmetric functions of the 
roots are substituted for the functions of the coefficients involved in 
the formula (see Art. 94). His attempts to construct formulas of this 
character were. successful in the cases of the cubic and biquadratic ; 
but failed in the case of the quintic. Lagrange undertook a review of 
the labours of his predecessors in the direction of the general solution 
of equations, and traced all their results to one uniform principle. This 
principle consists in reducing the solution of the given equation to 
that of an equation of lower degree, whose roots are linear functions 
of the roots of the given equation and of the roots of unity. He shows 
also that the reduction of a quintic cannot be effected in this way, the 
equation on which its solution, depends being of the sixth degree. 

All attempts at the solution of equations of the fifth degree 
having failed, it was natural that mathematicians should inquire 
whether any such solution was possible at all. Demonstrations have 
been given by Abel and Wantzel (see Serret’s Cours @ Algébre Supé- 
rieure, Art. 516) of the impossibility of resolving algebraically equa- 
tions unrestricted in form, of a degree higher than the fourth. A 
transcendental solution, however, of the quintic has been given by 
M. Hermite, in a form involving elliptic integrals. Among other 
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contributions to the discussion of the quintic since the researches of 
Lagrange, one of leading importance is its expression in a trinomial 
form by means of the T'schirnhausen transformation (see Art. 179). 
Tschirnhausen himself had succeeded in the year 1683, by means of 
the assumption y= P+ Qr+ x’, in the reduction of the cubic and 
quartic, and had imagined that a similar process might be applied to 
the general equation. The reduction of the quintic to the trinomial 
form was published by Mr. Jerrard in his Mathematical Researches, 
1832-18385 ; and has been pronounced by M. Hermite to be the most 
important advance in the discussion of this quantic since Abel’s 
demonstration of the impossibility of its solution by radicals. In a 
Paper published by the Rev. Robert Harley in the Quarterly Journal 
of Mathematics, vol. vi. p. 38, it is shown that this reduction had been 
previously effected, in 1786, by a Swedish mathematician named 
Bring. Of equal importance with Bring’s reduction is Dr. Sylvester’s 
transformation (Art. 180), by means of which the quintic is expressed 
as the sum of three fifth powers, a form which gives great facility to 
the treatment of this quantic. Other contributions which have been 
made in recent years towards the discussion of quantics of the fifth 
and higher degrees have reference chiefly to the invariants and cova- 
riants of these forms. For an account of these researches the student 
is referred to Clebsch’s Theorie der bindren algebraischen Formen, and. 
to Salmon’s Lessons Introductory to the Modern Higher Algebra. 

There has also grown up in recent years a very wide field of in- 
vestigation relative to the algebraic solution of equations, known as the 
‘Theory of Substitutions.” This theory arose out of the researches of 
Lagrange before referred to, and has received large additions from the 
labours of Cauchy, Abel, Galois, and other writers. Many important 
results have been arrived at by these investigators; but the subject is 
of too great extent and difficulty to find any place in the present 
work. The reader desirous of information on this subject is referred 
to Serret’s Cours d’ Algebre Supérieure, and to the Traitée des Substitu- 
tions et des Equations Algébriques, by M. Camille Jordan. 
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NOTE B. 
SOLUTION OF NUMERICAL EQUATIONS. 


The first attempt at a general solution by approximation of nume- 
rical equations was published in the year 1600, by Vieta. Cardan 
had previously applied the rule of ‘false position” (called by him 
‘regula aurea”) to the cubic; but the results obtained by this 
method were of little value. It occurred to Vieta that a particular 
numerical root of a given equation might be obtained by a process 
analogous to the ordinary processes of extraction of square and cube 
roots; and he inquired in what way these known processes should be 
modified in order to afford a root of an equation whose coefficients are 
given numbers. Taking the equation f(x) = Q, where Q is a given 
number, and f (#2) a polynomial containing different powers of x, with 
numerical coefficients, Vieta showed that, by substituting in f(x) a 
known approximate value of the root, another figure of the root 
(expressed as a decimal) might be obtained by division. When this 
value was obtained, a repetition of the process furnished the next 
figure of the root; and so on. It will be observed that the principle 
of this method is identical with the main principle involved in the 
methods of approximation of Newton and Horner (Arts. 100, 101). 
All that has been added since Vieta’s time to this mode of solution of 
numerical equations is the arrangement of the calculation so as to 
afford facility and security in the process of evolution of the root. 
How great has been the improvement in this respect may be judged 
of by an observation in Montucla’s Histoire des Mathématiques, vol. 1. 
p- 603, where, speaking of Vieta’s mode of approximation, the author 
regards the calculation (performed by Wallis) of the root of a 
biquadratic to eleven decimal places as a work of the most extra- 
vagant labour. The same calculation can now be conducted with 
great ease by anyone who has mastered Horner’s process explained in 
the text. 

Newton’s method of approximation was published in 1669; but 
before this period the method of Vieta had been employed and sim- 
plified by Harriot, Oughtred, Pell, and others. After the period of 
Newton, Simpson and the Bernoullis occupied themselves with the 
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same problem. Daniel Bernoulli expressed a root of an equation in 
the form of a recurring series, and a similar expression was given by 
Euler; but both these methods of solution have been shown by 
Lagrange to be in no respect essentially different from Newton’s 
solution (Zraité de la Résolution des Equations Numériques). Up to 
the period of Lagrange, therefore, there was in existence only one 
distinct method of approximation to the root of a numerical equation ; 
and this method, as finally perfected by Horner, in 1819, remains at 
the present time the best practical method yet discovered for this pur- 
pose. 

Lagrange, in the work above referred to, pointed out the defects 
in the methods of Vieta and Newton. With reference to the former 
he observed that it required too many trials; and that it could not be 
depended on, except when all the terms on the left-hand side of the 
equation f(x) = Q were positive. "As defects in Newton’s method he 
signalized—first, its failure to give a commensurable root in finite 
terms ; secondly, the insecurity of the process which leaves doubtful 
the exactness of each fresh correction; and lastly, the failure of the 
method in the case of an equation with roots nearly equal., The 
problem Lagrange proposed to himself was the following :—‘‘ Etant 
donnée une équation numérique sans aucune notion préalable de la 
grandeur ni de l’espéce de ses racines, trouver la valeur numérique 
exacte, s'il est possible, ou aussi approchée qu’on voudra de chacune 
de ses racines.” 

Before giving an account of his attempted solution of this problem, 
it is necessary to review what had been already done in this direction, 
in addition to the methods of approximation above described. Harriot 
discovered in 1631 the composition of an equation as a product of 
factors, and the relations between the roots and coefficients. Vieta 
had already observed this relation in the case of a cubic; but he 
failed to draw the conclusion in its generality, as Harriot did. This 
discovery was important, for it led to the observation that any integral 
root must be a factor of the absolute term of an equation, and New- 
ton’s Method of Divisors for the determination of such roots was 
a natural result. Attention was next directed towards finding limits 
of the roots, in order to diminish the labour necessary in applying the 
method of divisors as well as the methods of approximation previously 
in existence. Descartes, as already remarked, was the first to recog- 
nise the negative and imaginary roots of equations; and the inquiry 
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commenced by him as to the determination of the number of real and 
of imaginary roots of any given equation was continued by Newton, 
Stirling, De Gua, and others. 

Lagrange observed that, in order to arrive at a solution of the 
problem above stated, it was first necessary to determine the number 
of the real roots of the given equation, and to separate them one from 
another. For this purpose he proposed to employ the equation whose 
roots are the squares of the differences of the roots of the given equa- 
tion. Waring had previously, in 1762, indicated this method of 
separating the roots; but Lagrange observes (Fyuations Numériques, 
Note iii.), that he was not aware of Waring’s researches when he 
composed his own memoir on this subject. It is evident that when 
the equation of differences is formed, it is possible, by finding an 
inferior limit to its positive roots, to obtain a number less than the 
least difference of the real roots of the given equation. By substi- 
tuting in succession numbers differing by this quantity, the real roots 
of the given equation will be separated. When the roots are sepa- 
rated in this way Lagrange proposed to determine each of them by 
the method of continued fractions, explained in the text (Art. 105). 
This mode of obtaining the roots escapes the objections above stated 
to Newton’s method, inasmuch as the amount of error in each suc- 
cessive approximation is known; and when the root is commensurable 
the process ceases of itself, and the root is given in a finite form. 
Lagrange gave methods also of obtaining the imaginary roots of 
equations, and observed that if the equation had equal roots they 
could be obtained in the first instance by methods already in existence 
(see Art. 74). 

Theoretically, therefore, Lagrange’s solution of the problem which 
he proposed to himself is perfect. As a practical method, however, it 
is almost useless. The formation of the equation of differences for 
equations of even the fourth degree is very laborious, and for equa- 
tions of higher degrees becomes well nigh impracticable. Even if 
the more convenient modes of separating the roots discovered since 
Lagrange’s time be taken in conjunction with the rest of his process, 
still this process is open to the objection that it gives the root in 
the form of a continued fraction, and that the labour of obtaining 
it in this form is greater than the corresponding labour of obtaining it 
by Horner’s process in the form of a decimal. It will be observed 
also that the latter process, in the perfected form to which Horner 
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has brought it, is free from all the objections to Newton’s method 
above stated. 
Since the period of Lagrange, the most important contributions to 


the analysis of numerical equations, in addition to Horner’s improve-’ 


~ment of the method of approximation of Vieta and Newton, are those 
of Fourier, Budan, and Sturm. The researches of Budan were pub- 
lished in 1807; and those of Fourier in 1831, after his death. There 
is no doubt, however, that Fourier had discovered before the publica- 
tion of Budan’s work the theorem which is ascribed to them conjointly 
in the text. The researches of Sturm were published in 1835. The 
methods of separation of the roots proposed by these writers are fully 
explained in Chapter IX. By a combination of these methods with 
that of Horner, we have now a solution of Lagrange’s problem far 
simpler than that proposed by Lagrange himself. And it appears 
impossible to reach much greater simplicity in this direction. In 
extracting a root of an equation, just as in extracting an ordinary 
square or cube root, labour cannot be avoided; and Horner’s process 
appears to reduce this labour to a minimum. The separation of the 
roots also, especially when two or more are nearly equal, must remain 
a work of more or less labour. This labour may admit of some reduc- 
tion by the consideration of the functions of the coefficients which 


play so important a part in the theory of the different quantics. If, , 


for example, the functions H, J, and J, are calculated for a given 
quartic, it will be possible at once to tell the character of the roots 
(see Art. 68). Mathematicians may also invent in process of time 
some mode of calculation applicable to numerical equations analogous 
to the logarithmic calculation of simple roots. But at the present 
time the most perfect solution of Lagrange’s problem is to be sought 
in a combination of the methods of Sturm and Horner. 
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NOTE C. 
DETERMINANTS. 


The expressions which form the subject-matter of Chapter XI. 
were first called ‘‘ determinants” by Cauchy, this name being adopted 
by him from the writings of Gauss, who had applied it to certain 
special classes of these functions, viz. the discriminants of binary and 
ternary quadratic forms. Although Leibnitz had observed in 1693 
the peculiarity of the expressions which arise from the solution of 
linear equations, no further advance in the subject took place until 
Cramer, in 1750, was led to the study of such functions in connexion 
with the analysis of curves. To Cramer is due the rule of signs 
of Art. 108. During the latter part of the eighteenth century the 
subject was further enlarged by the lahours of Bezout, Laplace, 
Vandermonde, and Lagrange. In the present century the earliest 
cultivators of this branch of mathematics were Gauss and Cauchy ; 
the former of whom, in addition to his investigations relative to the 
discriminants of quadratic forms, proved, for the particular cases of 
the second and third order, that the product of two determinants 
is itself a determinant. To Cauchy we are indebted for the first 
formal treatise on the subject. In his memoir on Alternate Functions, 
published in the Journal de ? Ecole Polytechnique, vol. x., he dis- 
cusses determinants as a particular class of such functions, and 
proves several important general theorems relating to them. A 
great impulse was given to the study of these expressions by the 
writings of Jacobi in Crelle’s Journal, and by his memoirs published 
in 1841. Among more recent mathematicians who have advanced 
this subject may be mentioned Hermite, Hesse, Joachimsthal, 
Cayley, Sylvester, and Salmon. There is now no department of 
mathematics, pure or applied, in which the employment of this 
calculus is not of great assistance, not only furnishing brevity and 
elegance in the demonstration of known properties, but even leading 
to new discoveries in mathematical science. Among recent works 
which have rendered this subject accessible to students may be men- 
tioned Spottiswoode’s Elementary Theorems relating to Determinants, 
London, 1851; Brioschi’s Za teorica det Determinanti, Pavia, 1854 
Baltzer’s Theorie und Anwendung der Determinanten, Leipzig, 1864 
Dostor’s Eléments de la théorie des Déterminants, Paris, 1877 ; Scott’s 
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Theory of Determinants, Cambridge, 1880; and the chapters in Salmon’s 
Lessons introductory to the Modern Higher Algebra, Dublin, 1876. 
For further information on the history of this subject, as well as on 
that of Eliminants, Invariants, Covariants, and Linear Transforma- 
tions, the reader is referred to the notes at the end of the work 
last mentioned. 


NOTE D. 


THE PROPOSITION THAT EVERY EQUATION HAS A ROOT. 


It is important to have a clear conception of what is established, 
and what it is possible to establish, in connexion with the proposition 
discussed in Art. 195. If in the equation az” + aev"1+...a,=0 
the coefficients a, a,...@, are used as mere algebraical symbols 
without any restriction; that is to say, if they are not restricted to 
denote numbers, either real, or complex numbers of the form treated 
in Chapter XVII., then, with reference to such an equation it is not 
proved, and there exists no proof, that every equation has a root. 
The proposition which is capable of proof is that, in the case of any 
rational integral equation of the n™ degree, whose coefficients are all 
complex (including real) numbers, there exist » complex numbers 
which satisfy this equation; so that, using the terms number and 
numerical in the wide sense of Chapter XVII., the proposition under 
consideration might be more accurately stated in the form—Every 
numerical equation of the x” degree has numerical roots. 

With reference to this proposition, there appears little doubt that 
the most direct and scientific proof is one founded on the treatment of 
imaginary expressions or complex numbers of the kind considered in 
Chapter XVII. The first idea of the representation of complex num- 
bers by points in a plane is due to Argand, who in 1806 published 
anonymously in Paris a work entitled Lssai sur une maniere de repré- 
senter les quantités imaginaires dans les constructions géométriques. This 
writer some years later gave an account of his researches in Gergonne’s 
Annales. Notwithstanding the publicity thus given by Argand to his 
new methods, they attracted but little notice, and appear to have been 
discovered independently several years later by Warren in England 
and Mourey in France. These ideas were developed by Gauss in his 
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works published in 1831; and by Cauchy, who applied them to the 
proof of the important theorem of Art. 194. With reference to the 
proposition now under discussion, the proof which we have given at 
the close of Art. 195 is to be found in Argand’s original memoir, and 
is reproduced by Cauchy with some modifications in his Zvercices 
@’ Analyse. A proof in many respects similar was given by Mourey. 

Before the discovery of the geometrical treatment of complex 
numbers several mathematicians occupied themselves with the pro- 
blem of the nature of the roots of equations. An account of their 
researches is given by Lagrange in Note IX, of his Zyuations Numé- 
riques. The inquiries of these investigators, among whom we may 
mention D’Alembert, Descartes, Euler, Foncenex, and Laplace, re- 
ferred only to equations with rational coefficients; and the object in 
view was, assuming the existence of factors of the form « — a, x — B, 
&c., to show that the roots a, 8, &c., were all either real or imagi- 
nary quantities of the type a+5,/-—1; in other words, that the 
solution of an equation with real numerical coefficients cannot give rise 
to an imaginary root of any form except the known form a+b ,/—1, 
in which @ and 0 are real quantities. For the proof of this proposition 
the method employed in general was to show that, in case of an 
equation whose degree contained 2 in any power 4, the possibility of 
its having a real quadratic factor might be made to depend on the 
solution of an equation whose degree contained 2 in the power / - 1 
only ; and by this process to reduce the problem finally to depend on 
the known principle that every equation of odd degree with real coef- 
ficients has a real root. Lagrange’s own investigations on this sub- 
ject, given in Note X. of the work above referred to, related, like 
those of his predecessors, to equations with rational coefficients, and 
are founded ultimately on the same principle of the existence of a real 
root in an equation of odd degree with real coefficients. 

As resting on the same basis, viz., the existence of a real root in 
an equation of odd degree, may be noticed two recently published 
methods of considering this problem—one by the late Professor Clif- 
ford (see his Mathematical Papers, p. 20, and Cambridge Philosophical 
Society’s Proceedings, II., 1876), and the other by Professor Malet 
(Transactions of the Royal Irish Academy, vol. XXvi., p. 453, 1878). 
Starting with an equation of the 2m” degree, both writers employ 
Sylvester’s dialytic method of elimination to obtain an equation of the 
degree m(2m-—1) on whose solution the existence of a root of the 
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proposed equation is shown to depend ; and since the number m (2m — 1) 
contains the factor 2 once less often than the number 2m, the problem 
is reduced ultimately to depend, as in the methods above mentioned, 
on the existence of a root in an equation of odd degree. The two 
equations between which the elimination is supposed to be effected are 
of the degrees m and m — 1; and the only difference between the two 
modes of proof consists in the manner of arriving at these equations. 
In Professor Malet’s method they are found by means of a simple 
transformation of the proposed equation, while Professor Clifford ob- 
tains them by equating to zero the coefficients of the remainder when 
the given polynomial is divided by a real quadratic factor. The forms 
of these coefficients are given in Ex. 31, p. 286; and it will be readily 
observed that the elimination of B from the equations obtained by 
making 7 and 7; vanish will furnish an equation in a of the degree 
m(2m —1). 
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